University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Open Access Dissertations
9-2009

Developing Novel Electrospray Ionization Mass Spectrometry (esi
ms) Techniques to Study Higher Order Structure and Interaction
of Biopolymers
Agya K. Frimpong
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/open_access_dissertations
Part of the Analytical Chemistry Commons

Recommended Citation
Frimpong, Agya K., "Developing Novel Electrospray Ionization Mass Spectrometry (esi ms) Techniques to
Study Higher Order Structure and Interaction of Biopolymers" (2009). Open Access Dissertations. 148.
https://doi.org/10.7275/1079108 https://scholarworks.umass.edu/open_access_dissertations/148

This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It
has been accepted for inclusion in Open Access Dissertations by an authorized administrator of
ScholarWorks@UMass Amherst. For more information, please contact scholarworks@library.umass.edu.

DEVELOPING NOVEL ELECTROSPRAY IONIZATION MASS SPECTROMETRY
(ESI MS) TECHNIQUES TO STUDY HIGHER ORDER STRUCTURE AND
INTERACTION OF BIOPOLYMERS

A Dissertation Presented
by
AGYA K. FRIMPONG

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
September 2009

Chemistry Department

© Copyright by Agya K. Frimpong. Chemistry 2009
All Rights Reserved

DEVELOPING NOVEL ELECTROSPRAY IONIZATION MASS SPECTROMETRY
(ESI MS) TECHNIQUES TO STUDY HIGHER ORDER STRUCTURE AND
INTERACTION OF BIOPOLYMERS

A Dissertation Presented
by
AGYA KOJO FRIMPONG

Approved as to style and content by:
_________________________________________
Igor A. Kaltashov, Chair
_________________________________________
Richard Vachet, Member
_________________________________________
Paul Dubin, Member
_______________________________________
Stephen J. Eyles, Member
______________________________________
Craig T. Martin, Department Head
Department of Chemistry

DEDICATION
I dedicate this dissertation to God almighty and my late Father, who inspired and
encouraged me throughout my journey from childhood to adulthood. Thank you Dad.

ACKNOWLEDGMENTS
I would like to thank my advisor and entire dissertation committee members for their
thoughtful, patient guidance, and support. I would also like to extend my gratitude to both old and
new members of the Kaltashov Laboratory for their friendship and contribution to my
professional development.
Finally, I would also like to express my sincerely gratitude to the entire Chemistry
Department for providing me with a good scientific environment for my professional growth.

v

ABSTRACT
DEVELOPING NOVEL ELECTROSPRAY IONIZATION MASS SPECTROMETRY (ESI MS)
TECHNIQUES TO STUDY HIGHER ORDER STRUCTURE AND INTERACTION OF
BIOPOLYMERS
SEPTEMBER 2009
AGYA K. FRIMPONG, B.S., UNIVERSITY OF SCIENCE AND TECHNOLOGY, KUMASI,
GHANA
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Igor A. Kaltashov
Mass spectrometry has enjoyed enormous popularity over the years for studying
biological systems. The theme of this dissertation was to develop and use mass spectrometry
based tools to solve five biologically oriented problems associated with protein architecture and
extend the utility of these tools to study protein polymer conjugation.
The first problem involved elucidating the false negatives of how proteins with few basic
residues, forms highly charged ions in electrospray ionization mass spectrometry (ESI MS). This
study showed that the unfolding of polypeptide chains in solution leads to the emergence of
highly charged protein ions in ESI MS mass spectra, even if the polypeptide chains lack a
sufficient number of basic sites. In the second problem, a new technique was developed that can
monitor small-scale conformational transitions that triggers protein activity and inactivity using
porcine pepsin as a model protein. This work allowed us to revise a commonly accepted scenario
of pepsin inactivation and denaturation. The physiological relevance of an enzyme-substrate
complex was probed in our third problem. We observed by ESI MS that pepsin forms a facile
complex with a substrate protein, N-lobe transferrin under mildly acidic pH. The observed
complex could either be a true enzyme-substrate complex or may likely results from an
electrostatically driven association. Our investigation suggested that the enzyme binds nonspecifically to substrate proteins under mild acidic pH conditions. The fourth problem dealt with
the investigation of conformational heterogeneity of natively unstructured proteins using a
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combination of spectroscopic techniques and ESI MS as tools. It was observed that four different
conformations of alpha-synuclein coexist in equilibrium. One of these conformations appeared to
be tightly folded. Conclusions regarding the nature of these states were made by correlating the
abundance evolution of the conformers as a function of pH with earlier spectroscopic
measurements. The final problem was aimed at monitoring conformational transitions in
polypeptide and polymer segments of PEGylated proteins using PEGylated ubiquitin as a model
system. This studies suggested that for a PEGylated protein, polypeptides maintain their folded
conformation to a greater extent whiles the polymer segments are bound freely to the protein.
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CHAPTER 1
OVERVIEW AND GENERAL OBJECTIVE

1.1 Introduction
Understanding protein conformation, dynamics and interaction with other biopolymers
has become a topic of prominent importance. Proteins make up the basic components of all living
cells, tissues and organs. As a result, any abnormal changes in protein structure affect its function,
potentially causing diseases. With the completion of the human genome projects and the genome
of several organisms, the difficult task ahead is in understanding the structure, modifications and
function of all the proteins that can be encoded from the available genome sequences. A broad
knowledge base of protein architecture, how proteins integrate within their environment with
respect to structural conformations they can adopt and their interactions could open doors to a
better understanding of protein function and malfunction that will provide vital knowledge that
can lead to alleviation of diseases. Proteins interact with biopolymers, inhibitors, and sometimes
with synthetic polymers. For example, proteins form interaction networks in order to carry out
their function, and these networks are controlled mostly by protein conformation and dynamics
(both large and small scale) [1], therefore it is important to have efficient analytical methods that
can detect protein conformational changes.
Ironically, not all proteins exhibit defined structure under native conditions. Natively
unstructured proteins are a class of proteins that are very ubiquitous in nature and play an
important role in the interaction and function of many proteins but they lack a well defined
protein structure at physiological conditions[2, 3] . Although natively unstructured proteins lack a
well-defined structure, they often have residual structures, which co-exist in equilibrium. This
equilibrium combination of residual structures makes the detection of natively unstructured
proteins difficult experimentally. In addition, synthetic polymers such as polyethylene glycol
(PEG) are used as scaffolds and enhancing pharmacokinetic properties of protein drugs.
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Consequently, developing an analytical method that can predict protein conformational changes
upon interaction with PEG will go a long way to streamline the activity and efficiency of proteins
pharmaceutics.
Mass spectrometry (MS) has enjoyed considerable popularity as a tool for elucidating
problems in biological systems mainly due to advances in ionization techniques such as
electrospray ionization (ESI) and matrix – assisted laser desorption ionization (MALDI). The
goal of this work is to expand the scope of biological MS applications. The specific problems that
are tackled in this dissertation are:
A. Investigate the how proteins with few basic residues, specifically pepsin, forms highly
charged species (ions) when in the unfolded state.
B. Study small-scale conformational transitions vital for protein activity.
C. Evaluate the physiological relevance of enzyme – substrate complexes observed in MS.
D. Investigate conformational heterogeneity of a natively unstructured protein, α– synuclein.
E. Characterize conformational dynamics of polypeptide and polymer segments of
PEGylated proteins.

1.2 Traditional Methods to Study Protein Dynamics and Conformation
Understanding the molecular structure, dynamics, and interactions of macromolecules
that relate to the function of biological systems at high resolution is a topic of great importance in
biology. In the past, popular techniques for this task have been nuclear magnetic resonance
(NMR) and x-ray crystallography. In addition, some less popular techniques such as light
scattering and spectroscopy are useful tools for protein architecture and function elucidation.
However, all these techniques have their disadvantages that limit their usefulness. X-ray
crystallography provides static local information and contributes very little or no information on
protein dynamics and sometimes have sample crystallization and solubility problems. NMR has
molecular weight limitations that place a restriction on the number of proteins that can be
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analyzed. Other spectroscopic methods although have several limitations provide important
complementary protein structural information. Circular dichroism (CD) is a spectroscopic
method based on differential absorption of the two circular polarized components (clockwise:
right handed and anticlockwise: left handed) of a plane polarized light by chiral chromophores or
chromophores placed in chiral environments [4]. Peptide bonds, aromatic amino acid side chains
and disulphide bonds are chromophores that give rise to CD signals. The far UV region (190-250
nm) corresponds to peptide bond absorption and CD spectrum in this region of the
electromagnetic spectrum can be analyzed to give information about the secondary structural
contents, such as α-helix and β-sheets. CD spectra of proteins that possess high α- helical content
show clear negative bands at 222 nm and 208 nm, and these are absent in spectra of proteins rich
in β-sheets. Conversely, β-sheets containing proteins’ CD spectra are characterized by a single
minimum whose position may vary within 210-230 nm range depending on the protein. The CD
spectrum in the near UV region (320-260 nm) corresponds to signatures of aromatic amino acid
chains (Phe, Tyr and Trp) of proteins and serves as a probe for tertiary structure. The unique
arrangement of these aromatic side chains in the protein structure results in CD signals.
Tryptophan shows a peak close to 290 nm with fine structure between 290 nm and 305 nm.
Tyrosine shows a peak between 275 nm and 282 nm, with a shoulder at longer wavelengths often
obscured by bands due to Tryptophan. Phenylalanine shows weaker but sharper bands with fine
structure between 255 nm and 270 nm [4]. A disulfide bond can act as a chromophore that
contributes to the near –UV CD spectra at 260 nm but this band is usually weak and broad and as
such it is difficult to distinguish disulfide signals from that of aromatic residues. Unfortunately,
CD measurements typically yield a very low-resolution picture of protein structural
conformations and as a result, CD measurements are often used to complement measurements by
other techniques.
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Fluorescence spectroscopy is a usefulness technique that can be used to distinguish
proteins from other biopolymers. Proteins are unique in displaying useful intrinsic fluorescence,
since intrinsic fluorescence of DNA is too weak to be useful and lipids membrane and
polysaccharides are essentially non-fluorescent. There are three amino acids (phenylalanine,
tyrosine, and tryptophan) that act as fluorophores in proteins but tryptophan is the most dominant
intrinsic fluorophore. More importantly, most proteins may possess a few tryptophan residues that
facilitate interpretation of fluorescence spectra. Tryptophan is sensitive to its local environment
and observed changes in emission spectra of tryptophan can be attributed to protein
conformational transitions, subunit association, substrate binding, or denaturation processes (at
atomic resolution if the protein structure is known) [5]. Traditionally, tryptophan fluorescence
measurement is used as a tool to monitor changes in protein structure and dynamics. In a
completely denatured protein, tryptophan residues are exposed to surrounding solvent and
fluorescence intensity is quenched by collision with solvent molecules. On the contrary, a folded
protein will generally have a tightly packed hydrophobic core in which tryptophan residues are
tightly buried and protected from its solvents environments and this generally results in enhanced
fluorescence signal intensity for proteins in their native state. There is also a red shift in
fluorescence emission from a shorter wavelength to a longer wavelength (330nm to 350nm)
during a transition from the native state to the denatured state. It is therefore, important to note
that tracking the change in wavelength of fluorescence emission for a protein can often be a
valuable tool in elucidating the extents of burial of aromatic residues and protein conformation,
since these properties will change during the folding and unfolding of a protein. Although there is
considerable experimental evidence to prove that fluorescence spectroscopy is effective in
evaluating proteins in structural terms, apparently this fact is only feasible for a protein with
already known structure. Light scattering on the other hand measures hydrodynamic radius,
monitors protein aggregation and provides very little information on protein conformational
changes. In recent years electron microscopy (EM) has substantially improved and is making
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important contributions in determining the structure of protein complexes [6]. However, this
approach has resolution limitations for many samples and is better for larger complexes or cells.
This leaves a technological gap for investigating protein structure, dynamics, and their functional
relationships. In recent times, mass spectrometry has been successful in filling this technological
gap.

1.3. Mass Spectrometry Based Techniques
A spectacular improvement in mass spectrometry as an analytical tool is due to
tremendous improvements in ionization techniques that emerged about two decades ago. Theses
two techniques are electrospray ionization (ESI) and matrix assisted laser desorption/ ionization
(MALDI). Key to the success of these ionization methods over other forms of ionization methods,
such as chemical ionization (CI) and fast atom bombardment (FAB) is the extremely soft nature
of ESI and MALDI. The soft nature of both ESI and MALDI ionization methods allow
biomolecule to remain intact during the ionization process. Although both techniques are soft
ionization methods, they are different in mechanism. MALDI is a solid state desorption method
that produces ions by laser bombardment of crystals containing a small amount of analytes
dispersed in a large amount of matrix whereas ESI involves spraying a continuous stream of
dilute solution of analyte from a needle held at a high potential into a chamber at atmospheric
pressure.

1.4. Specific Mass Spectrometry Based Tools for Studying Protein Structure
The state of the art of biological mass spectrometry for determining higher order structure
(i.e. secondary and tertiary) is based on three technologies, these are:
A. Hydrogen deuterium exchange
B. Covalent labeling strategies
C. Chemical cross-linking
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All these three basics techniques require peptide sequencing, measurements of mass shifts after
exposure of the biomolecule to a labeling agent, and require a structural model of the biomolecule
in order to be able to provide structural information. Aside these shared similarities there are
other specifics about these techniques that make them different, which will be discussed in detail.

1.4.1 Hydrogen Deuterium Exchange (HDX)
HDX mass spectrometry is a powerful technique for protein dynamics and structural
studies and it basic concept is based on the facts that amide hydrogen atoms are sensitive probes
for solvent accessibility, protein lability, and protein secondary structure. HDX can be measured
along the entire length of the protein backbone, providing a comprehensive measure of the
protein structure and solvent accessibility. Amide hydrogen atoms of the Protein backbone are
exchanged with deuterium atoms from surrounding solvents at measureable exchange rates. The
surface amide hydrogen atoms have rapid exchange rates compared to amide hydrogen atoms that
are buried or involved in hydrogen bonds. Since backbone amide - hydrogen atoms are involved
in the formation of hydrogen bonds in protein secondary structures, their exchange rates also
reflects the secondary structure and structural stability.
For a typical HDX experiment, a protein of interest is subjected to a pulse of deuterium
intended to label structural regions that are solvent accessible and to monitor changes in
accessibility in response to binding of a ligand [7]. After the HDX exchange, the reaction is
quenched followed by protein fragmentation process via proteolysis. The resulting peptides are
separated by high performance liquid chromatography (HPLC), and mass spectrometry analysis is
performed. The pH and reaction temperature are lowered to 2.5 and 0°C respectively to minimize
back exchange during this analytical steps, and this places a restriction on the kind of protease
that can be used for protein digestion. Only proteases with activity at acidic pH, for example
pepsin can be used to fragment the protein. After digestion, peptide fragments with increased
mass relative to control experiments without addition of deuterium indicate specific segments that
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were solvent accessible and exchanged fragments during the deuterium pulse. This technique can
be used to complement thermodynamic information of a protein-protein interaction, monitor
conformational changes associated with proteins, compare isoforms-specific differences in
binding of a common ligand, and map the epitopes of monoclonal antibodies.

1.4.2 Covalent Labeling Techniques
Selective chemical modification is a tool that was initially used to modulate enzymatic
activity, but in recent decades, it has proved to be an efficient probe of macromolecular structure
at low resolution [8]. For this technique, the extent of chemical modification of a specific amino
acid residue is used to monitor its solvent accessibility. Acetic anhydride (ε – amine groups of
lysine residues), tetranitromethane (phenyl ring of tyrosine), and diethyl pyrocarbonate
(imidazole ring of His) are some of the most commonly used amino acid – specific modifiers.
Any chemical modification of an amino acid side chain will change the protein’s mass and that
makes mass spectrometry an attractive tool to measure the alteration in mass, and detect sites of
chemical modification. Usually modified proteins are processed with a suitable proteolytic
enzyme, followed by mass mapping of the fragment peptides. Tandem mass spectrometry is used
to establish the position(s) of the modified residue(s) within each proteolytic fragment. For
example, the presence of a chemical modification is manifested as a break in the ladder of the
expected fragment ion(s) that can be detected. The drawback of this technique is that if a reactive
side chain is not present in a particular peptide segment, there are no probes for structure
investigation.
An example of a non specific chemical modification technique is hydroxyl- radicalmediated protein footprinting in conjunction with mass spectrometry. In this case, the labeling
agent is a hydroxyl radical which covalently modifies proteins by first exposing a particular
protein solution to ionizing radiation [9]. Unlike HDX, hydroxyl – radical – mediated protein
footprinting provides stable covalently chemical labeling. The stable label that are formed make it
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relatively easier to use tandem mass spectrometric methods to identify the amino acid positions of
the protein that have been modified, which represent the probe sites for footprinting approach that
can be used to investigate protein structure, protein – ligand, and protein – protein interactions
[10]. This technique provides only local information about the reactivity of the side chain probes,
and this makes it an attractive tool in deciphering interacting surfaces of proteins, where chemical
modification is suppressed at the sites corresponding to the interacting surface and unchanged at
the sites distal to the contact.

1.4.3 Chemical Cross-Linking
Cross – linking combined with mass spectrometry (MS) can provide considerable
structural information of biomolecules regarding the organization and function of protein
complexes. The basic principle of chemical protein cross-linking is the formation of a covalent
bond between functional groups of adjacent protein molecules, and this involves the use of cross
– linking reagents which sometimes have reporter groups for easy identification [11]. Cross –
linking reagents are generally classified based on their chemical specificity and the length of the
‘spacer arm’. The chemical specificity of a cross – linker determines the overall pool of reactive
groups within the polypeptide that may participate in the cross – linking reaction. Only eight out
of the twenty amino acid side chains are chemically active: Arg (guanidinyl), Lys (ε – amine),
Asp and Glu (β – and γ – carboxylates), Cys (sulfhydryl), His (imidazole), Met (thioether), Trp
(indoyl), and Tyr (phenolic hydroxylate). Complexed proteins involved in chemical cross –
linking experiments, traditionally are identified by specific detection with antibodies, enzymatic
assays, or Edman sequencing. Recent advances in the use of mass spectrometry for the analysis
of proteins and peptides, however, have greatly expanded the capability of cross – linking
techniques. Mass spectrometry not only enables researchers to rapidly and unequivocally
determine the identity of individual complexed proteins; it can also be used to identify the site of
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interaction by determining the amino acid sequence at the cross-linked site. This information can
be used to elucidate ternary or quaternary structural details of proteins interacting interfaces.
In applying mass spectrometry to identify sites of cross – linking between interacting
proteins, there are two alternative approaches. These are ‘top – down’ and ‘bottom – up’
approaches. In the ‘top – down’ approach the intact cross – linked protein complex is subjected to
mass spectrometric analysis first, followed by fragmentation of the proteins to reduce the
complex down to the peptide level for detailed analysis of the interaction site. Although ‘top
down’ has the advantage of allowing analysis of the sites of cross – linkage within the mass
spectrometer, it is limited by the size and nature of the protein complex, which significantly
affects ionization and fragmentation efficiency. The other alternative is the ‘bottom – up’
approach. This approach involves enzymatic or chemical digestion of the cross – linked protein
complex down to the peptide level prior to mass spectrometry. The identity of the cross – links
can then be determined by MS analysis of the resulting peptide mixture. However, as with the
‘top – down’ approach, ‘bottom – up’ approach also has drawbacks, mainly due to inadequate
separation of complex peptide mixture that typical results from enzymatic digestion as well as
sensitivity problems due to the characteristic low specific content of cross – linked versus free
peptides. A theoretically reasonable and sometimes practically feasible strategy is to combine
both ‘top – down’ and ‘bottom – up’ approaches together. In the combined ‘bottom – up’ and ‘top
– down’ approach, the intact cross-linked protein could be subjected to limited proteolysis to
produce a smaller pool of peptides of reasonable size that would be suitable for subsequent ‘top –
down’ analysis.
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1.5. Charge states of proteins ions in ESI mass spectra and their relationship to protein
structure in solution
Protein ion charge state distribution (CSD) in ESI mass spectra has been used over the
years as an indicator of protein unfolding and for studying non- native intermediate states in
equilibrium, which more conventional MS based methods suffer defects from detecting. A very
distinct feature of ESI MS is the accumulation of multiple charges on a single analyte molecule
during ionization. An important implication of the multiple charging in ESI MS is the appearance
of multiple peaks corresponding to a single analyte. The position of each peak in the mass
spectrum (m/z values) would be determined by the mass of a macromolecule M and the number
of accommodated charges. There are several different charge carriers that are commonly
associated with an ESI process, the most ubiquitous being a proton and alkali metals (particularly
Na+ and K+). Given such heterogeneity in the charges accommodated by a macromolecular ion,
its m/z value can generally be calculated as,





 ∑
∑
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Where m is a mass associated with a specific carrier, and n is a number of charges of this type
associated with the macromolecule. If the charging is mostly due to protonation, then equation 1
is simplified to
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But if charging is mostly by deprotonation then equation 1 becomes

 




 3

The potential of ESI MS as a means of detecting large-scale conformational transitions in
solution came to light soon after the introduction of this ionization technique, when dramatic
changes of charge state distributions of protein ions were linked to protein denaturation [12, 13].
Natively folded proteins give rise to ions carrying a relatively small number of charges, as their
compact shapes in solution do not allow a significant number of protons to be accommodated on
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the surface upon transition from solution to the gas phase. Accordingly, protein ion peaks in ESI
mass spectra acquired under near-native conditions (i.e., in aqueous solutions kept at neutral pH
in the absence of denaturants) typically appear in the high m/z regions of ESI mass spectra.
Charge state distributions in such cases are usually narrow. Likewise non-native (partially or fully
unfolded) protein conformers give rise to ions carrying a significantly larger number of charges,
as many more protons can be accommodated on the surface of a protein once it loses its
compactness.
If both native and denatured states of the protein co-exist in solution under the
equilibrium, the protein ion charge state distributions in the ESI spectra are bimodal. Therefore,
dramatic changes of protein ion charge state distributions often serve as gauges of large-scale
conformational changes [14]. This marked property is widely used to study protein dynamics in
processes ranging from folding [15-17] to ligand binding [18-21] to protein assembly [22-24] and
their interaction with other polymers [25].
As long as a fraction of protein molecules in solution retain their native fold, ionic signal
corresponding to these molecules is usually characterized by a nearly constant average charge. On
the contrary, the portion of ionic signal representing non-native (less compact) states is much
more heterogeneous and evolves as the solution conditions change. The reason for such behavior
is that most proteins have multiple non-native conformations, not just a single random coil state.
Very often differences in the solvent-exposed surface areas among such states are not significant
enough to give rise to distinct ionic signals in ESI mass spectra. As a result, charge state
distributions corresponding to various protein conformational isomers may be unresolved or
poorly resolved (i.e., two or more different conformers may give rise to ions carrying the same
number of charges). Therefore, monitoring changes in the relative abundance of individual
protein ions typically does not allow the transitions among various non-native states to be
characterized in a quantitative fashion. In order to circumvent this problem factor analysis based
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on principle component analysis (PCA) technique is used by employing chemometric tools [26,
27].
In this method an array of ESI MS data acquired over a wide range of experimental
conditions that ensembles all possible protein conformations is determined and expressed into a
vector matix 

!"#

, where N is the number of charged states detected in K experiments. Since

this vector matrix 

!"#

contains all the conformational dynamics information of a particular

protein under investigation in K experiments, it can be decomposed into a product of two
matrices and a residual matrix, 
Where matrix $ 
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is the ‘pure spectra’ of individual components, and matrix & '

!#

describes the dynamics of the individual components. A specific technique in factor analysis,
called singular value decomposition (SVD), SVD can provide a means to determine the
independent conformational dynamic components also called the basis function (+, # ) by
decomposition of matrix 
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Where 2 6 4 are unitary matrices and  is a diagonal matrix with the singular values (M)
arranged in decreasing order. It is important to note that only few singular values are necessary
and significant enough to recreate our data matrix within experimental error.
In a perfect world, the number of significant singular values (M) would correspond to the
number of basis functions that represent independent dynamic conformations, but in reality, the
first few singular values are components of signal while the rest are close to zero and represent
instrumental noise. Significance of singular values can often be assessed by examining the
normalized projections Pik (elements of the matrix 7  4 ' ). Projections that correspond to
insignificant singular values wi (i> M) display random fluctuations around zero (when plotted as
a function of K experiments). Projections corresponding to significant singular values (i 8 )
show more consistent behavior throughout the entire range of k (1 < k < K). SVD of data matrix
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A given by equation 5 also provides ‘abstract’ solution, whose real solution can be found by first
M columns of 2 

!"#

for $ 

!#

and the first M rows of  "!"# % 4 '"!"# .

In order to graphically represents the solution of the decomposition of vector matrix
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, we assume that each protein conformer’s

normalized ionic contribution can be approximated as a normal distribution given by, +,
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in the entire mass spectrum where, <,K is an average charged carried by L

conformer and M,A is its variance. Therefore an optimal fit for 
 !?#

obtained by a linear combination of +,

!?#

, representing a spectrum is

basis functions that can yield ionic profiles of

individual protein states over the range of experimental conditions [27]. Contribution of each
conformer to the total ionic signal is determined by using a supervised minimization routine by
curve fitting. This procedure allows any set of asymmetric charge state distributions to be
represented as sums of a limited number of symmetric basis functions, each corresponding to a
particular protein conformer.
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1.6. Specific research problems and tools used to approach them
The entire dissertation is aimed at elucidating five specific problems by approaching each
question with experimental tools that involves mass spectrometry based methods with both
traditional and complimentary spectroscopic techniques. First question involves elucidating the
false negatives of how proteins with few basic residues, using pepsin as a model protein, still
forms highly charged ions in ESI MS. In order to tackle this question, qualitative ESI MS charge
state distributions were used as a mass spectrometry based tool to monitor large-scale protein
conformational transitions. In the second problem, quantitative ESI MS charge state distributions,
using SVD and complementary spectroscopic methods involving fluorescence and circular
dichroism were used as tools to probe how small scale conformational transitions that trigger
protein activity and inactivity can be detected by ESI MS. Again, qualitative ESI MS charge state
distributions was used to evaluate the physiological relevance of enzyme-substrate complexes in
the third problem. The fourth research problem involved investigating conformational
heterogeneity of a natively unstructured protein using a combination of spectroscopic techniques
and quantitative ESI MS charged state distributions as tools. The final research problem was
aimed at extending the capabilities of ESI MS charge state distributions as an analytical tool for
to monitoring conformational transitions in polypeptide and polymer segments of a PEGylated
protein.
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CHAPTER 2
EXTENT OF MULTIPLE CHARGING OF PROTEINS DEFICIENT IN BASIC
RESIDUES
(From: R. R. Abzalimov, Agya K. Frimpong, Igor A. Kaltashov International Journal of Mass
Spectrometry, 2006. 253(3): p.207-216)
2.1 Introduction
Multiple charging of macromolecular analytes is a unique feature of ESI MS, which
makes it distinct from other ionization methods used in mass spectrometry. Although FAB and
MALDI mass spectra of some biopolymers may also contain contributions from ionic species
carrying more than one elementary charge, they usually constitute only a small fraction of the
overall ionic signal and the charge density of such species (expressed as a number of charges per
1 kDa of macromolecular mass) is very low compared to ESI-generated ions. Protonation is the
most common form of multiple (positive) charging of polypeptides in ESI MS, although
formation of alkali metals and NH4+ adducts are also often observed. Generation of multiply
protonated polypeptide ions by ESI is a convoluted process, whose outcome does not depend on
the protonation state of amino acid side chains in solution [28]. The major determinant of the
extent of protonation is the physical size of the protein molecule in solution (or, more precisely,
its solvent-exposed surface area), although other factors may also influence the number of
charges carried out by biopolymer ions in the gas phase. Since a solvent-exposed surface of a
polypeptide chain in solution is determined by its higher order structure, the extent of biopolymer
charging observed in ESI mass spectra contains information on its conformation in solution.
Therefore, analysis of protein ion charge state distributions in ESI mass spectra often provides a
simple yet very effective means of evaluating the integrity of higher order structure of proteins,
their complexes, and assessing their conformational heterogeneity.
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Lack of a sufficient number of basic residues was often cited in the past as a factor
limiting the extent of multiple charging and, therefore, preventing detection of protein unfolding
in solution [29]. In a recent study, we investigated a possibility of false negatives in the studies of
unfolding of proteins with low pI. A model protein used in these studies was pepsin, a gastric
protein whose basic side chains (four) are greatly outnumbered by acidic ones (forty one) [30].
Despite very low number of basic sites, the highest charge of pepsin ions generated under
denaturing conditions (neutral and basic pH) exceeds the number of available basic residues by
nearly a factor of ten. Furthermore, the extent of multiple charging of pepsin polycations in ESI
MS under these conditions is not lower than that of a polyanions. This surprising finding clearly
demonstrates that the extent of multiple charging is determined by the protein geometry in
solution, not the number of basic sites, and rules out the possibility of false negatives when
charge state distributions are relied upon as indicators of unfolding in solution [30].

2.2. Experimental, Materials and Methods
Mass spectra were acquired on JMS-700 MStation (JEOL, Tokyo, Japan) magnetic sector
(double focusing) mass spectrometer equipped with standard ESI source. The ESI MS samples
were prepared by diluting protein stock solution (200 µM in 10 mM NH4CH3CO2) in 10 mM
NH4CH3CO2 buffer solution whose pH was adjusted to a desired level with NH4OH or CH3CO2H.
All solutions were kept at room temperature prior to analyses. Protein solution with final
concentration of 10 µM was continuously infused into the ESI source at a flow rate of 4 µL/ min,
and nitrogen was used as nebulizing gas. The nominal resolution of the MStation was set at 1000
and the magnet was scanned at a rate of 5 s/decade. All ESI source parameters, i.e., desolvating
plate temperature, electrostatic potentials on ion optics elements, etc. were kept constant
throughout the measurements to insure constancy in protein ion desorption and transmission
conditions for each instrument. Porcine pepsin and all other analytical grade chemicals were
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purchased from Sigma-Aldrich Chemical Co., St. Louis, MO and used following purification by
ultra-filtration to remove low molecular weight impurities.

2.3 Results and Discussion
It is often argued that the extent of multiple charging (protonation) of an unstructured
polypeptide chain should be limited by the number of basic residues in its sequence [31].
Specifically, proton affinity of the solvent molecules is argued to provide a “cut-off” level for
amino acid residues that can be protonated in the gas phase [32]. Since most proteins possess a
high number of basic sites (arginine, lysine and histidine), the requisite number of positive
charges can usually be distributed among the available basic sites in the unstructured polypeptide
chain. However, there are several examples of highly acidic proteins, which contain very few
basic sites. A classic example of such a system is pepsin, a 33 kDa protein containing 41 acidic
and only 4 basic residues (the protein N-terminal amino group can be counted as the fifth basic
site). Therefore, one may argue that there are simply not enough basic sites in this protein to
afford adequate Protonation of the unfolded polypeptide chain in the gas phase. Our previous
studies indicated that at neutral and mildly acidic pH an average positive charge displayed by
pepsin ions in ESI mass spectra is 10.7 [12]. This number is very close to that calculated on the
basis of native pepsin SASA, and is twice as high as the number of available basic sites.
However, instead of simple protonation, the multiple charging appears to proceed in this case via
formation of ammonium adducts, which are only marginally stable in the gas phase. Facile
dissociation of such protein–NH4+ complexes inevitably leads to charge reduction of the protein
ions [12], a process driven by the relatively high proton affinity of ammonia.
Our initial expectation was that even if unfolded pepsin can accumulate some extra
charges (due to the increase of SASA), these would also be in the form of NH4+ or other cations,
and the resulting adducts would be prone to facile dissociation in the gas phase (and, therefore,
undergo apparent charge state reduction). This of course, would make the detection of unfolded
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pepsin difficult and may actually give rise to false negatives if the highly charged pepsin ions are
to be used as indicators of protein unfolding in solution. In order to investigate the extent of
multiple charging of pepsin under denaturing conditions, a series of ESI spectra were collected
over a wide range of pH both in the absence and in the presence of alcohol. Since the
physiological environment of pepsin (stomach) is highly acidic, this protein remains compact at
strongly and mildly acidic pH [2]; unfolding occurs only in basic environment [29]. Not
surprisingly, charge state distributions of pepsin ions in ESI spectra acquired within pH range 2–6
are relatively narrow and display the average number of charges close to that calculated based on
the SASA of the native conformation (Fig. 1.1, bottom trace), consistent with our earlier
observations [12]. The increase of solution pH above 7 and/or addition of alcohol result in a
dramatic change in the appearance of the charge state distribution (Fig. 1.1, top trace). Its bimodal
character is now evident, and, quite surprisingly, the highly charged pepsin ions can
accommodate as many as 38 charges.
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pH 10
50%MeOH

pH 5.0

pH 2.5

Figure 2.1 ESI mass spectra of pepsin at pH 10, 50% methanol by

volume (top), at pH 5 (middle), and at pH 2.5 (bottom) respectively in
the absence of alcohol. The pH of a protein solution (10µM pepsin in
10mM ammonium acetate) was adjusted to a desired level with either
ammonium or acetic acid

Furthermore, accurate measurements of masses of these highly charged ions indicate that they are
multiply protonated species, not adducts of larger cations. Average molecular weight of pepsin
calculated based on measured m/z values for charge states +26 through +35 is 34,570±11 Da,
which is within the experimental error range of the average mass of the protein calculated based
on its sequence (34,581 Da). Should the extensive adduct formation occur, the measured mass
would exceed the calculated one by a multiple of the cation mass less one (e.g., 16 for NH4 +
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adducts, 22 for Na+, etc.). It was also confirmed that the extent of charging in the positive ion
mode is a true reflection of the solvent exposed surface area of pepsin. This was achieved when
the mass spectrum at low m/z region (from +24 to +35) of protein ion peaks were overlaid to
corresponding peaks of the protein ions in the negative mode. In Figure 1.2, the two sets of
protein ion peaks in the two different ion modes showed comparable intensity and charges, even
though there are only four basic residues present in the protein. It is quite remarkable that so
many protons can be accommodated by a polypeptide chain, which contains only five basic sites.
This is probably a consequence of the greater conformational flexibility of the polypeptide chain
in the unfolded state. Perhaps, such flexibility allows more than one functional group to
participate in binding a single proton in a fashion similar to that observed in solvation of larger
cations by polymer chains in the gas phase [31]. Such collective proton binding (or “sharing”)
would certainly increase the apparent proton affinity of any particular binding site and, therefore,
lift the restrictions on the extent of protonation imposed by thermodynamic considerations [3].
This, of course, would allow the requisite amount of charges to be accumulated by unfolded
proteins even if they are deficient in basic sites.
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Figure 2.2. Illustrate the comparison of the extent of charging of pepsin in both negative (red
trace) and positive (blue trace) ion modes reflecting similar solvent accessible surface of
polypeptide under both modes of ionization (taken from: Mass Spectrometry Analysis for
Protein-Protein Interactions and Dynamics. M. Chance, ed. Boston: Wiley-Blackwell, 2008,
pp. 215-240 (ISBN 978-0-470-25886-6)
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2.4 Conclusion
The initial argument that the extent of multiple charging of proteins should be limited by
the number of basic residues present in the primary sequence of the polypeptide has been over
ruled. It is now evident that the determinant factor dictating the extent of protonation is the
physical size of the protein molecule in solution, based on its solvent exposed surface area. This
study shows that the unfolding of polypeptide chains in solution necessarily leads to the
emergence of highly charged protein ions in ESI MS mass spectra, even if the polypeptide chains
lack a sufficient number of basic sites. This surprising ability of highly acidic proteins to
accommodate a requisite number of positive charges, effectively rules out false negatives when
charge state distributions are relied upon as indicators of unfolding in solution.
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CHAPTER 3
GAS-PHASE INTERFERENCE-FREE ANALYSIS OF PROTEIN ION CHARGE-STATE
DISTRIBUTIONS: DETECTION OF SMALL-SCALE CONFORMATIONAL
TRANSITIONS ACCOMPANYING PEPSIN INACTIVATION

3.1 Introduction
Analysis of protein ion charge state distributions in electrospray ionization mass spectra
has become an indispensable tool in the studies of protein dynamics. However, its applications
are still limited to large-scale conformational transitions, which typically result in significant
changes of the extent of multiple charging. Here we demonstrate that this technique can also be
used to study subtle conformational transitions that elude detection by traditional spectroscopic
techniques. Protein conformation is an important determinant of its function, and unfolding is
often synonymous with the loss of biological activity. Global unfolding processes are usually
easy to detect, as they manifest themselves via profound changes of macromolecular properties.
Transitions from native to partially unstructured states are often more elusive, especially under
conditions favoring co-existence of multiple states under equilibrium. Analysis of protein ion
charge state distributions in ESI mass spectra has proven particularly useful, as it often provides
an easy and efficient way to assess the conformational heterogeneity under equilibrium
conditions, as well as to characterize kinetic intermediate states[33].
Correlation between protein geometry in solution and the extent of multiple charging of
ESI generated protein ions is the main reason why large-scale conformational transitions in
solution always result in significant changes of charge state distributions [34]. Natively folded
proteins give rise to ions carrying a relatively small number of charges, as their compact shape in
solution does not allow a significant number of protons to be accommodated on the surface upon
transition to the gas phase. Nonnative, less compact protein conformers give rise to ions carrying
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a significantly larger number of charges, as increased solvent-accessible surface area (SASA)
accommodates many more charges. While the ionic charge state distributions corresponding to
folded proteins are almost always narrow, distributions of highly charged ionic species are
typically broad, reflecting significant conformational heterogeneity (i.e., multiplicity of nonnative states). Resolution of ionic signals corresponding to various non-native conformations can
be achieved by using chemometric strategies [35].
Unlike complete or partial unfolding, small-scale conformational transitions are much
more difficult to detect, as they do not result in dramatic changes of protein ion charge state
distributions. In most unfavorable situations, the magnitude of such conformation-related changes
may actually be less than the alterations of charge state distributions caused by charge transfer
phenomena in the ESI interface region and/or mass analyzer. One particularly common
phenomenon that can mask small-scale conformational transitions is apparent charge reduction of
protein ions in the gas phase, which is frequently encountered when conformational dynamics is
studied as a function of pH by acidification of weak buffer solutions (such as ammonium acetate,
CH3CO2NH4). Acidification of protein solution below the pKa of CH3CO2H significantly
increases concentration of organic anions and, consequently, protein-anion adducts, such as
MHnn+···CH3CO2¯ . Their gas phase dissociation produces MH(n-1)(n-1)+ and neutral
CH3CO2H to avoid the enthalpic penalty associated with electrostatically unfavorable cationanion separation.
Should the gas phase ion chemistry described above be ignored, the apparent reduction of
the number of charges carried by protein ions representing the native conformation can be
incorrectly interpreted as a result of protein structure tightening in solution or else mask the
small-scale conformational transitions occurring at low pH. In order to avoid such distortions of
charge state distributions, ESI MS must be acquired in the pH range above pKa of the acid
conjugated to the basic component of the solvent system. This places nearly inhibitive restrictions
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on the studies of acid-induced unfolding when employing two most popular “native” ESI MS
solvent systems, ammonium bicarbonate (pKa1 of hydrogen bicarbonate is 6.4) and ammonium
acetate (pKa of acetic acid is 4.7). In order to increase the pH range in which studies of protein
dynamics can be carried out, we propose to replace the traditional solvent systems with those that
have very weak basic components (whose conjugated acids are rather strong). For example,
following the evolution of protein ion charge state distributions in ammonium trifluoroacetate
(CF3CO2NH4, where pKa of trifluoroacetic acid is 0.5) solution, whose pH is adjusted to a desired
level with an acid, can push down the pH limit as low as 1.0.

3.2 Experimental, Materials and Methods
3.2.1 Mass Spectrometry.
All mass spectra were acquired on a JMS-700 MStation (JEOL, Tokyo, Japan) two-sector
mass spectrometer equipped with a standard ESI source. Porcine pepsin (Sigma-Aldrich
Chemical Co., St. Louis, MO) solutions were preapared by diluting a stock solution of pepsin to a
final concentration of 10 µM in 10 mM ammonium trifluoroacetate solution, whose pH was
adjusted to a desired level with NH4OH or HCO2H. All chemicals, buffers, and solvents were of
analytical grade or higher. All solutions were equilibrated at room temperature (24ºC) for 1 h
prior to analysis. The appearance of the mass spectra did not change when longer equilibration
times were investigated. All samples were introduced into the ESI source at a 3 µL/min flow rate.
ESI source settings were kept constant throughout the measurements to avoid variations of
charge-state distributions caused by changing conditions in the ESI interface region. These
include orifice potential, 60 V; ring lens potential, 160 V; orifice temperature, 200ºC; and
desolvation plate temperature, 100ºC. All spectra were acquired by scanning the magnet at a rate
of 5s/decade. Typically, 200 scans were averaged to record each spectrum in order to ensure a
high signal-to-noise ratio.
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3.2.2 Chemometric processing of charge-state distributions of pepsin ions in the high m/z
region of ESI MS.
Charge-state distributions of pepsin ions in the high m/z region of ESI mass spectra span
charge states +8 through +12. Only three of these five charge states were used for chemometric
processing. Charge state +8 was excluded from consideration as the ion peak of pepsin monomer
carrying 8 charges overlaps with a peak corresponding to a dimer with 16 charges (since pepsin
dimmers at charge state +17 were detected in many experiments, the presence of a +16 dimmer
ion could not be ruled out). The intensities of other monomer ion peaks (charge states +9 and
above) were not affected by dimer ions, as no signal was detected for a dimer ion at charge state
+15 and below. Charge state +12 was excluded from consideration, since the corresponding ion
peak in ESI mass spectra acquired at basic ph could contain contributions from protein ions that
represent significantly unstructured states of pepsin (see Figure 3.2, bottom trace). The intensities
of these three peaks (charge states +9 to +11) measured in 22 ESI mass spectra (obtained at pH
ranging from 1.6 to 9.6) were used as elements of a 3 × 22 ESI MS data matrix. Both singular
value decomposition (SVD) and finding the optimal fits for all charge-state distributions (using a
standard weighted nonlinear least-squares routine) were carried out with Origin 6.0 (Origin Lab
Corp., Northampton, MA).

3.2.3 Fluorescence Spectroscopy
Tryptophan fluorescence emission spectra of pepsin were obtained with a QM-4/2005SE
(Photon Technology International, Inc., Birmingham, NJ) spectrophotometer. The excitation
wavelength was set at 280 nm, and the emission spectra were measured in the 290-400 nm range.
Maximum emission wavelength was determined in each spectrum using Origin fluorescence
function.
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3.3 Results and Discussion
3.3.1 ESI MS of Pepsin: pH-Induced Evolution of Charge-State Distributions
In a recent study we demonstrated that positive ion charge-state distributions observed in
ESI mass spectra of pepsin, a gastric protein whose basic side chains (4) are greatly outnumbered
by acidic ones (41), accurately reflect the onset of protein denaturation in the vicinity of neutral
pH [36] . This large scale conformational transition within pepsin, whose native environment is
highly acidic, is manifested by the appearance of high charge-density protein ions (charge states
up to +35) in the low m/z region of the mass spectra[36, 37]. Another, much more subtle change
affected the abundance distribution of the low charge density pepsin ions (populating the high m/z
region of ESI mass spectra). Although it could have been interpreted in terms of small scale
conformational transitions, which do not lead to a significant change of SASA, there was no solid
evidence that this relatively small shift had indeed resulted from an alteration of the protein
higher order structure. Furthermore, our earlier work demonstrated that gas-phase processes could
modulate the appearance of protein ion charge-state distributions, usually through charge transfer
or partitioning in the ESI interface region[38].
One particularly common phenomenon that can obscure small scale conformational
transitions is apparent charge reduction of protein ions in the gas phase, which is frequently
encountered when protein conformational transitions are studied as a function of pH by
acidification of weak buffer solutions (such as ammonium acetate, CH3CO2NH4) [38].
Acidification of protein solution below the pKa of CH3CO2H requires significant amounts of acid
and, consequently, leads to a significant increase of concentration of organic anions. This, in turn,
facilitates the formation of protein anion adducts, such as MHn n+…CH3CO2-. Their gas-phase
dissociation produces MH(n-1)(n-1)+ and neutral CH3CO2H to avoid the enthalpic penalty associated
with electrostatically unfavorable cation-anion separation [38]. If ignored, the apparent reduction
of the number of charges carried by protein ions representing the native conformation could be
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incorrectly interpreted as resulting from protein structure tightening in solution or else otherwise
mask the small-scale conformational transitions occurring at low pH. To avoid such distortions of
charge-state distributions, ESI MS data acquisition must be carried out under conditions
minimizing changes of solution ionic strength. In a common situation when an aqueous A-BH+
solution is acidified by incremental additions of AH, the pH should not be lowered below the pKa
of AH. This places nearly inhibitive restrictions on the studies of acid-induced unfolding when
employing two of the most popular “native” ESI MS solvent systems, namely, ammonium
bicarbonate (pKa1 ) 6.4) and ammonium acetate (pKa ) 4.7).
The effect of such charge reduction was observed for larger proteins (whose MW exceeds
50 kDa), while the charge-state distributions of proteins in the 10-40 kDa range did not appear to
be affected [39]. However, it is not inconceivable that charge reduction of some protein
polycations in the gas phase can be efficient despite their relatively small size (e.g., due to
deficiency of basic residues). To increase the pH range over which studies of conformational
dynamics can be carried out, the traditional acetate-based solvent systems were replaced with
those that have a very weak basic component A- (whose conjugate acid AH is rather strong). For
example, replacing ammonium acetate with ammonium formate lowers the pH at which the
apparent charge reduction occurs by one pH unit (pKa of HCO2H is 3.7). The pH limit in the
studies of acid-induced conformational changes could be pushed much lower, down to pH 1,
should the ESI MS measurements be carried out using ammonium trifluoroacetate (CF3CO2NH4)
solutions, whose pH levels are adjusted with an acid.
Several representative ESI mass spectra of pepsin acquired in 10 mM CF3CO2NH4
solutions, whose pH levels were adjusted with HCO2H or NH4OH to desired values in the pH 1.69.6 range, are shown in Figure 3.1. The charge-state distribution remains nearly invariant in the
pH range of 1.6-2.2, followed by a noticeable change over the pH interval of 2.5-3, when the
average charge shifts from +9.7 to +10.1 and then remains constant until the pH is raised to 6.5
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(Figure 3.2A). Further elevation of pH results not only in a noticeable increase of the average
charge of ionic species in the high m/z region of the spectra (above 2500 u), but also in the
appearance of highly charged protein ions in the low m/z region (e.g., bottom trace in Figure 3.1).
A very similar trend was observed for charge-state distributions of pepsin ions in ESI mass
spectra acquired from protein solutions in 10 mM HCO2- NH4 solutions. The congruency of the
charge-state shifts of pepsin ions observed in two systems, whose pKa values differ by three
units, strongly suggests that the observed evolution of the average ionic charge is indeed related
to conformational transitions in solution, not to variations of efficiency of charge-transfer
reactions by changing conditions in the ESI interface.

29

Figure 3.1. Representative ESI mass spectra of pepsin acquired in 10mM
CF3CO2NH4 solutions whose pH levels were adjusted as indicated on the panels using
HCO2H or NH4OH. The boxed insets show the results of fitting the intensity
distributions of low charge-density pepsin ions with two basis functions, representing
active (red) and compact inactive (blue) conformations of the protein.
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3.3.1.1 Correlation of ESI MS and Fluorescence Data
Pepsin is a proteolytic enzyme, whose physiological environment is strongly acidic. Although its
denaturation occurs only at neutral and basic pH, inactivation of pepsin already begins at pH > 2
[40],, and available spectroscopic evidence suggests accumulation of an inactive pepsin
conformation under mild acidic conditions
conditions[41].. Representative tryptophan fluorescence spectra of
pepsin are shown in Figure 3.3A. A red shift of the maximum emission wavelength in the pH
interval of 1.6 through 9.5 indicates increased exposure of tryptophan side chains to the solvent as
the pH of the solution is increased. However, this red shift is not monotonic (Figure 3.2A) and
closely follows evolution of the average charge of pepsin ions representing compact states
(charge states +9 through +12). Both curves exhibit two sharp transitions, with the first one
occurring below pH 3 and the other at close to neutral pH.
The
he strong correlation of the tryptophan fluorescence red shift and the evolution of the
average charge of pepsin polycations representing compact protein states in solution provides a
clear indication that the observed charge
charge-state distribution shifts in the high m/zz region
correspond to conformational transitions that reduce sequestration of tryptophan side chains from
the solvent in the nonpolar interior of the protein. These two transitions had been previously
assigned as inactivation of pepsin at mildly acidic pH and reversible denaturation of the protein at
neutral pH, respectively. The entire scheme of pH
pH-induced
induced conformational changes was proposed
to be the following sequence:
N(native)

I(inactive,
(inactive, compact)

U (reversibly denatured, not compact) (1)
(
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Figure 3.2 Panel A: evolution of the average charge (blue) and the maximum fluorescence
wavelength (magenta) of pepsin as a function of pH. The two shades of blue indicate two data
sets acquired on different days. Panel B: abundance plots of ionic species corresponding to
various pepsin states as functions of solution pH.
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The predicted loss of compactness during the I

U transition at neutral pH agrees well with

the emergence of high charge density pepsin ions in ESI MS (e.g., Figure 3.1, bottom trace), and
the predicted much less significant loss of tertiary structure during
the N

I transition [41] agrees well with the observed slight increase of the average charge

of pepsin ions above pH 2. However, we note that the low charge
charge-density
density pepsin ions
(representing compact protein states) remain prominent in ESI MS acquired at both neutral and
acidic pH, which clearly contradicts scheme 1. One possible way to reconcile the observed
pattern of pepsin ion charge
charge-state
state evolution with scheme 1 would invoke a notion of a highly
heterogeneous character
racter of the reversibly denatured state U.. For example, one may propose that
pepsin denaturation at neutral pH results in formation of a relatively compact conformer, U1, and
a highly disordered one, U2. Should the protein dynamics follow this scenario, pepsin
p
denaturation would indeed manifest itself via the emergence of high charge
charge-density
density polycations in
ESI MS (representing U2), while the protein ions with fewer charges would still be present in
high m/z region of the spectra (representing U1). Alternatively,
ively, one may avoid introducing a third
compact state of pepsin (U1 in addition to N and I)) by questioning the sequential character of
scheme 1.
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Figure 3.3 Representative of tryptophan fluorescence spectra of pepsin acquired in 10
mM CF3CO2NH4 solutions whose pH levels were adjusted as indicated on the panels
using HCO2H or NH4OH (A). Five tryptophan residues provide coverage of both protein
domains (B), serving as good indicators of higher order structural changes.
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3.3.1.2 Chemometric Analysis of ESI MS Data and the Number of Compact Conformers of
Pepsin.
In order to determine the number of compact states of pepsin populated in the pH range of 1.6
through 9.5, as well as their contributions to the overall ionic signal at high m/z, a chemometric
analysis of ESI MS data was carried out. The number of independent components that contribute
to the observed variation of pepsin ion charge-state distributions in the high m/z region of the ESI
mass spectra was determined using a chemometric procedure based on factor analysis, which is
described in detail elsewhere [42] .Specifically, 22 individual spectra obtained under various
solution conditions (pH ranging from 1.6 to 9.6) were arranged as a 3 N 22 matrix. The rows of
the matrix corresponded to three different charge states (+9, +10, and +11). Singular value
decomposition (SVD) of this matrix gave three singular values, 561.8, 152.9, and 9.98. The
abstract solutions corresponding to these significant values and their normalized projections are
shown in Figure 3.4. Only two singular values are significant, as their projections show consistent
behavior throughout the entire range of experimental conditions. The third singular value is over
an order of magnitude smaller than either of the first two, and more importantly, its projection
displays erratic behavior (oscillations around zero), providing convincing evidence that it
represents noise in the experimental data. Therefore, only two independent components
contribute to the observed variance of the ionic signal of pepsin in the high m/z range throughout
the entire pH range covered in our measurements.
Finding the optimal fit for the entire data set using a previously described procedure [42]
provides a pair of unique basis functions (shown in red and blue in the Figure 1 insets), whose
linear combination can be used to restore every distribution in the data set. It is easy to see that
the found pair represents a unique physically meaningful solution. Indeed, the near invariance of
the ionic charge-state distributions in the pH interval of 1.6-2.2, where pepsin is known to
populate the physiologically active form N, clearly indicates that the ionic signal in this subset
contains only contributions from native pepsin modulated by noise. Only one of the two basis
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functions is used to fit all distributions in the low pH data subset, although it becomes insufficient
for restoration of the protein ion charge
charge-state
state distributions once the pH is elevated above 2.2.
Such revealing behavior makes the assignment of this basis function as a pure ionic signal arising
from the native conformation of pepsin ((N)) very straightforward. This component’s contribution
to the overall ionic signal remains nearly constant under mildly acidic conditions, followed by its
complete disappearance at neutral pH and above (Figure 3.2B).
The second basis function contributing to the ionic signal in the high m//z region can be
assigned as a compact inactive conformation of pepsin ((I),
), whose existence was postulated by
Campos and Sancho based on spectroscopic evidence [41].. The difference between the average
charges of the pure ionic signals of the two conformations (0.95) can be used to provide an
estimate of the protein surface increase upon the N

I transition following a procedure

developed previously in our laboratory to estimate SASA of folded proteins [32].
[32] While the
estimated increase is not very significant (14%), it may certainly explain the shift of the
maximum fluorescence signal below pH 3 if the loosening of the protein structure in the I-state
affects the environment of at least one tryptophan residue (there are five tryptophans in pepsin).
Finally, the increased width of the basis function representing the I-state
state (standard deviation 1.7
vs 1.1 for the N-state)
state) likely reflects its higher conformational flexibility. While the evolution of
the average ionic charge as a function of pH closely follows the shift in the wavelength of
maximum fluorescence (Figure 3.2A), monitoring contributions of individual protein conformers
to the overall ionic signal provides additional information that cannot readily be discerned from
spectroscopic measurements alone. Figure 3.2B presents contri
contributions
butions of the two compact states
of pepsin to the overall ionic signal. The open circles on the same diagram show the contribution
of unfolded states of pepsin to the overall signal, charge states +13 to +29 (although it is probable
that there are several non compact, partially unfolded states, no attempt was made in this work to
resolve their ionic signals). Analysis of this diagram provides a key to understanding the nature of
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reversible and irreversible inactivation of pepsin occurring under mildly acid
acidic
ic and neutral pH,
respectively [41].. While the former process is caused by the N

I transition without global

unfolding of the protein, the complete demise of the N-statee is clearly correlated with the
appearance of unfolded protein species ((U).
). This provides clear evidence that although the two
inactivation processes, N

I and N

U,, are triggered under different conditions, they

are parallel and not sequential (contr
(contrary to scheme 1).
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Figure 3.4 Chemometric processing of the abundance profiles of low charge-density
protein ions in 22 ESI mass spectra of pepsin acquired in the pH range of 1.6-9.5. The
bar plots (right column) show the abstract (orthonormal) solutions generated by SVD.
The actual magnitude of each singular value is indicated in each panel. Normalized
projections of these solutions are shown on the left (k indicates a number of the
spectrum in the data array). The near-constancy of p1k throughout the entire range of k
indicates that this basis function is simply an ‘average spectrum’. The two ‘step-up’
regions of p2k correspond to the transition regions in which the average charge of the
pepsin ions shifts (the data sets in the array are arranged according to pH, from the
lowest to the highest). The erratic behavior of p3k is an indication that this component
represents small random changes (noise) in the intensity distributions of low chargedensity pepsin ions.
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3.3.1.3 Conformational Heterogeneity of Pepsin is Reflected in Its Enzymatic Activity over a
Wide Range of Solution Conditions
Perhaps the most intriguing conclusion of the chemometric analysis of pepsin
inactivation presented above is that the native state is present in mildly acidic solutions and
disappears completely only at neutral pH. In order to verify this conclusion, an ESI MS-based
enzymatic activity assay was carried out at various pH levels. ESI MS offers a facile way to
monitor a range of dynamic processes in solution (including enzymatic digestion) through a
continuous analysis of reaction mixtures [43]. A model substrate (N-lobe of human serum
transferrin, hTf/2N) was added to pepsin solutions kept at various pH levels in a 1:1 molar ratio,
and ESI mass spectra of the mixtures were obtained following 5 min of incubation at room
temperature. Since conformation of the substrate (or a lack of such) is an important determinant
of digestion efficiency, it was important to use a substrate whose conformational dynamics does
not become a major factor controlling the yield of proteolysis. The choice of hTf/2N as a model
substrate was due to the conformational homogeneity of this protein in a wide pH range: it
remains folded at pH as low as 4.5. [39]. Therefore, any changes of proteolytic yields in the pH
interval of 4.5 through 9 would be solely attributable to the structural changes of the enzyme.
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Figure 3.5. ESI mass spectra of pepsin (P) incubated with the N-lobe of human serum
transferrin (T) for 5 min at room temperature in solutions whose pH was kept at 5.0 (A),
6.4 (B), and 9.5 (C). The enzyme/substrate molar ratio was kept at 4:1 in (A) to increase
the abundance of pepsin ions (the intensity of pepsins ions was very weak at 1:1
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Incubation of hTf/2N with pepsin at pH below 6.5 resulted in complete disappearance of
the intact substrate ionic signal in ESI MS (Figure 3.5A). The spectra are dominated by the ion
peaks corresponding to low molecular weight peptides (proteolytic fragments). The ability of
pepsin to catalyze peptide bond hydrolysis under mildly acidic conditions clearly indicates that
either the native state N is still present in solution or else the compact intermediate state I is
endowed with some residual enzymatic activity. Although the latter possibility would be in
agreement with the earlier proposal that the active site of pepsin is formed in the intermediate
state [41], it is ruled out by the results of monitoring enzymatic activity of pepsin in mildly basic
solutions (Figure 3.5 ). No sign of proteolysis is observed under these conditions, despite the
presence of compact pepsin in solution (as indicated by the abundant peaks of low charge-density
pepsin ions in the high m/z region of the mass spectrum). Interestingly, pepsin does form a
complex with the substrate under these conditions, giving rise to the ionic signal at m/z above
4000. However, absence of the proteolytic fragment ion peaks in the spectrum clearly indicates
that the intermediate state I is indeed enzymatically inactive and the observed enzyme-substrate
complex likely results from nonspecific electrostatically driven association.
According to our chemometric analysis of ESI MS data, the highest pH at which a small
faction of pepsin molecules still populates the native conformation is 6.5 (vide supra).
Interestingly, incubation of hTf/2N with pepsin under these conditions does give rise to limited
proteolysis, although a significant fraction of the substrate molecules remain intact (Figure 3.5B).
Complex formation between the substrate and the inactive state of pepsin is also evident in the
mass spectrum. Furthermore, the results of our investigation of pepsin-pepstatin interaction under
various solution conditions also indicate that the enzyme-inhibitor association occurs both at
strongly and mildly acidic pH, while raising the solution pH above 6.5 eliminates pepsin’s ability
to bind pepstatin (manuscript in preparation).
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Probing pepsin activity as a function of pH unequivocally confirms the results of the
chemometric analysis of conformational transitions occurring within this protein as the pH is
elevated from the highly acidic to neutral. Inactivation of pepsin in mildly acidic solutions is
partial due to the coexistence of two states in equilibrium, native (active) and compact (inactive).
The complete demise of the native state of pepsin above neutral pH results in complete
inactivation of the enzyme, even though a significant fraction of the protein molecules still
populates a compact (and presumably significantly structured) conformation.

3.4 Conclusions
Gas-phase interference-free analysis of protein ion charge-state distributions (GIFPICS)
presented in this work provides a means to observe small-scale conformational transitions that do
not result in protein unfolding and may in fact elude detection by traditional spectroscopic
techniques, such as near-UV CD. Coupled with the ability of mass spectrometry to make
distinction between various species in solution based on their masses, this technique opens a host
of new exciting opportunities, such as studies of conformational changes in proteins induced by
interaction with their biological partners. This new experimental tool has allowed us to revise a
commonly accepted scenario of pepsin inactivation and denaturation. Above and beyond the
obvious fundamental importance, understanding the detailed mechanism of pepsin inactivation
has profound practical ramifications, as this protein belongs to a family of aspartic proteases,
several members of which are recognized as prominent therapeutic targets [44] in a wide variety
of conditions ranging from hypertension [45] to malaria [46] and HIV infection [47-49] to
Alzheimer’s disease [50, 51]. Furthermore, the ability to monitor conformational dynamics and
structural heterogeneity of a therapeutically relevant protease, and to link these characteristics to
its substrate- and/or inhibitor-binding properties, is likely to become an indispensable tool in the
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development of new and enhancing existing chemotherapies targeting a variety of pathological
conditions.
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CHAPTER 4
LOCKED INACTIVE ENZYME – SUBSTRATE COMPLEX: INVESTIGATING THE
NATURE OF PEPSIN AND N – LOBE TRANSFERRIN COMPLEX WITH PEPSTATIN

4.1 Introduction
ESI MS is arguably one of the most established techniques for measuring protein noncovalent interactions, involving proteins, other biopolymers or small molecules. The gentle nature
of ESI ensures that protein interactions that exist in solution are frequently preserved in the gas
phase, but sometimes certain interactions involving proteins occur so fast that only the result of
the interaction can be monitored and not the interaction itself. An example of such interactions
occurs between protease enzymes and substrate proteins.
Pepsin is a well-known enzyme whose activity has been extensively studied since 1929,
when it was first crystallized by Northrop. The enzyme belongs, together with catepsin D,
quinosine, renine and the HIV-protease amongst others, to the family of the aspartic proteases,
that display a high degree of structural homology [52]. The recognition of the HIV-protease as a
member of this family [36] has renewed the interest in this type of enzymes and in their
interaction and inhibition [36]. Pepsin is a monomeric, two domain, mainly β-protein, with a
high percentage of acidic residues (43 out of 327) leading to a very low pI of 3.47. The catalytic
site is formed by two aspartate residues, Asp32 and Asp215. For the enzyme to be active, one of
these aspartate residues has to be protonated, and the other deprotonated [41]. Pepsin is produced
from pepsinogen by cleavage of a prosegment consisting of 44 amino acid residues attached at
the N-terminus. Pepsinogen is secreted into the gastric crypts in the stomach at low pH (around 3)
[53, 54] where it can become enzymatically active and generate pepsin, that continues its journey
to the lumen. As the environmental pH of pepsin reaches 4 or above, pepsin undergoes
conformational change into a predominantly compact inactive conformer. It is assumed that the
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intermediate retains a native-like peptide binding site and other investigators [41] have even
proposed that pepsin binds to the proteins of the mucus, and transport them without degradation
towards the lumen in the bound state. Then, as bound pepsin is transported towards the lumen,
enclosed by the mobile mucus, it will reach again areas of lower pH where it will become readily
active upon protonation of one of its active site’s aspartate residues (ASP 215 and ASP 32), since
the enzyme retains it native-like conformation. This entire process may occur within a reasonable
time frame such that it could be possible to detect and measure a true locked enzyme – substrate
complex of pepsin with its substrate protein by using an experimental method such as ESI MS.
Consequently in our previous studies of small scale conformational transitions of pepsin in
chapter III, we observe by ESI MS that pepsin forms a facile complex with a substrate protein (Nlobe Transferrin) under mildly basic pH; however, the absence of proteolytic fragment ion peaks
in the spectrum (Figure 3.5B and C) clearly indicates that the intermediate state of pepsin I is
indeed enzymatically inactive and the observed enzyme-substrate complex could be either a true
enzyme – substrate locked complex or may likely results from a nonspecific electrostatically
driven association. The goal of this work is to investigate the nature of the enzyme – substrate
complex by using the enzyme inhibitor, pepstatin as an external probe to test a hypothesis. This
investigation is based on the hypothesis that, any enzyme - substrate complex that does not occur
at the active site is not a true locked enzyme - substrate complex but is likely to be a nonspecific
electrostatically driven association. The data presented here shows that although ESI MS can
monitor certain fast interactions involving proteins, such enzyme – substrate complex, the
external probe, pepstatin revealed that the observed interaction is driven by an electrostatic
process, contrary to what was speculated as a true enzyme – substrate locked complex based on
our initial hypothesis.
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4.2 Experimental, Materials and Methods

All mass spectra were acquired in a nanospray mode on SCIEX/ABI QStar XL
TOF mass spectrometer. Nano tips used in this study were purchased from Proxeon.
Porcine pepsin (Sigma-Aldrich Chemical Co., St. Louis, MO) and N – Lobe transferrin
solutions were prepared by diluting a stock solution of pepsin to final concentrations of
20 µM and 5 µM in 10 mM ammonium acetate solution, whose pH was adjusted to a
desired level with NH4OH or CH3CO2H. The enzyme inhibitor, pepstatin was obtained
from Sigma-Aldrich and all other chemicals, buffers, and solvents were of analytical
grade or higher. A 4:1 molar ratio of pepsin: pepstatin complex and N-lobe transferrin
reaction mixture was equilibrated at room temperature for 5 minutes, and an aliquot of 4
µL was introduced into a Proxeon nanotip mounted at the orifice of the Q-Star mass
spectrometer. The typical acquisition time for mass spectrometry measurements was 15
minutes. All other parameter settings were kept constant throughout the measurements to
avoid variations of charge-state distributions caused by changing conditions in the nano
ESI interface region.
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4.3 Results and Discussion
In order to evaluate the physiological relevance of the enzyme – substrate complex, two
experimental assays would be carried out sequentially. The initial assay (binary complex assay) is
performed to give a general idea of how free pepsin binds to its inhibitor, pepstatin as a function
of pH, using nano ESI MS as an experimental technique and the final assay (ternary complex
assay) is aimed at determining if pepstatin can displace substrate protein bound to pepsin at the
active site or a ternary complex comprising of pepsin: pepstatin, and N – lobe transfer (substrate
protein) will result. Choosing the correct pH values for this interaction studies is critical, because
the enzyme, pepsin, populates different conformational states (N and I) depending on the pH of
the solvent (previously described in Figure 3. 2B of chapter III). Both binary and ternary
interaction assay experiments between pepsin: pepstatin and pepsin: pepstatin and N-lobe
transferrin are carried out at three pH values, pH 1.7, 4<pH<5, and pH 9.0. By varying the pH of
the solvent environment among these three pH values, it is envisioned that we will be able to
investigate the nature of the enzyme: substrate complex using pepstatin, the enzyme inhibitor as
an external probe.

4.3.1 Pepsin and pepstatin interaction studies by nano ESI MS
The enzyme, pepsin, exhibits it highest activity at pH below 2, where it populates predominantly
compact active conformation. Although complex survival depends on the nature of the
interactions, it is believed that pepsin’s interaction with pepstatin at pH 1.7 will be strong enough,
in order for it to survive the abrupt transition from the solution phase to the gas phase during nano
ESI MS process. Figure (4.1) illustrates our experimental result which confirms this fact, as a
facile ESI mass spectrum of pepsin: pepstatin complex is observed at pH 1.7.
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Figure 4.1. Nano ESI MS of complex of pepsin : pepstatin (red and black squares
represents pepsin and pepstatin respectively) in 10 mM ammonium acetate at pH 1.7
(pH adjusted with acetic acid). The insert shows the fragmentation of +10 charge state
of pepsin : pepstatin complex which give rise to both +1 charge state of pepstatin and
+9 charge state free pepsin species (taken from: Mass Spectrometry Analysis for
Protein-Protein Interactions and Dynamics. M. Chance, ed. Boston: WileyBlackwell, 2008, pp. 215-240 (ISBN 978-0-470-25886-6)
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Another interesting range of pH for studying the interaction of pepsin and pepstatin is 4
<pH<5, within this range, pepsin populates almost equal population of both active compact, N
and compact inactive pepsin, I conformer species. It is therefore reasonable
ble to assume that the
active pepsin will interact and bind pepstatin (p
(pЅ),
), whiles the compact inactive pepsin species, I
will arguably remain free in the gas phase and be detected through nano ESI MS process.
However, it is intriguing to find out that the mass spectrum of the interaction of pepsin and
pepstatin at pH 4.8 shows only peaks corresponding to ionic species of pepsin: pepstatin complex
without any peaks corresponding to ionic species to free compact inactive pepsin, as illustrated by
figure 4.2. A reasonable explanation to this scenario could be that, the compact structured
inactive pepsin, could interacts with pepstatin and binds the small molecule enzyme inhibitor,
through a non-specificc interaction process. Such interactions between pepstatin and the two
different conformational pepsin species ((N and I) will make it very difficult in distinguishing
between the two different pepsin species in the presence of the enzyme inhibitor. An alternative
alte
is
to consider the entire process as a three
three-step
step equilibrium process, illustrated by the three
equations below.
PN

PI

OPN + pЅ
PPN + pЅ

equation 1
PI + PN : ppЅ P

equation 2

O PI + PN : pЅ

equation 3

At pH 4.8 both the native active, N and compact inactive intermediate, I exist in equilibrium,
illustrated by equation 1, but upon introduction of peps
pepstatin, pЅ,, the native active pepsin species
interacts and binds pepstatin, with increasing pepstatin concentration leading to increasing and
decreasing equilibrium concentrations of the complex and free native active pepsin, N
respectively as illustrated by equation 2. Thus, in order to re
re-establish
establish equilibrium in the presence
of pepstatin, the equilibrium shifts such that equilibrium concentration of inactive compact pepsin
decreases (I O)) and the equilibrium concentration of native active pepsin, (N P)) increases, in order

49

to match excess pepstatin for complex formation. This may essentially, be the sequence of events
that occur at equilibrium leading to the observation of only ionic signals corresponding to pepsin:
pepstatin complex and none corresponding to free pepsin since excess of pepstatin were used in
the complex formation process.
Perhaps the only way to test the former explanation is to monitor the interaction of pepsin:
pepstatin at a solvent environment (pH > 7) that allows predominant population of the compact
inactive pepsin conformer species. Above pH 7.0 pepsin exhibits two conformational states, the
compact inactive (I) and an unfolded (U) states. The species in the unfolded or denatured
conformer lacks protein tertiary structure let alone a competent active site in order to interact and
bind specifically to pepstatin. However, enzyme species in the compact inactive conformer,
although inactive, retains it tertiary structure. In order to explore how pepsin species in these two
different conformational states interacts with pepstatin in solution, we carry out nano ESI MS
measurement of pepsin and pepstatin interaction at pH 9.0, our results as illustrated by figure 4.3,
clearly delineates lack of binding between pepstatin and pepsin species in either of the two
conformational states. This suggests that the latter explanation is the likely explanation for having
a mass spectrum that consists of only ionic signals corresponding to pepsin: pepstatin complex
and none for free pepsin ions at pH 4.8 as illustrated by figure 4.2.
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Figure 4.2. Nano ESI MS of complex of pepsin : pepstatin complex (red and black
squares represents pepsin and pepstatin respectively) in 10 mM ammonium acetate at
pH 4.8 (pH adjusted with acetic acid).
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Figure 4.3. Nano ESI MS of pepsin:pepstatin complex (red squares represent pepsin) in 10
mM ammonium acetate at pH 4.8 (pH adjusted with acetic acid). There are no peaks
representing pepstatin, since the m/z range represents unfolded pepsin ions
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4.3.2 Pepsin, pepstatin, and N-lobe transferrin (substrate protein) interaction studies by
nano ESI MS:
In investigating the nature of the enzyme: substrate complex, the most important pH range for
studying how pepstatin can be used as an external probe is most likely to be in the range of
4<pH<5 and at pH < 2. Apparently there is no basis for carrying out any studies at pH >7. Since
our previous exploration of the binary interaction between pepsin and pepstatin above pH 7
revealed no binding between the enzyme and its inhibitor, indicating that pepstatin can not serve
as an external probe in investigating the nature of the enzyme: substrate complex at pH >7. At
pH 1.7 pepstatin binds pepsin and renders the enzyme inactive as illustrated by figure 4.4. It is
apparent from the mass spectrum result in figure 4.4 that only the compact inactive pepsin
conformer binds to the substrate protein, N-lobe transferrin, since the predominant pepsin
conformer species present at pH 1.7 is the native active species, and peaks representing these
species binding to N-lobe transferrin is absent from the mass spectrum in figure 4.4. It is
therefore, certain that the only reasonable pH for investigating the nature of the enzyme: substrate
complex with pepstatin is in the range of 4 <pH< 5. Our experimental results of interacting
pepstatin to pepsin: N – lobe transferrin in 1:4 molar ratios delineates a scenario contrary to our
initial hypothesis, which states that any true locked substrate: enzyme complex should occur at
the active site of the enzyme. Figure 4.5 illustrates the formation of a ternary complex between
pepsin, pepstatin, and N-lobe transferrin, and since pepsin’s active site can either accommodate
pepstatin or substrate protein, our observation of peaks corresponding to ionic species of a ternary
complex at pH 4.8 suggests that the enzyme: substrate complex formation at pH > 7 (Figure
3.5C) is likely to be driven by electrostatic interactions and the fact that we do not see

an enzyme substrate complex at pH 4.8 suggest that there is fast proteolysis taking place
pH < 5.
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Figure 4.4 Nano ESI MS of pepsin: pepstatin and N-lobe transferrin complex in 10
mM ammonium acetate at pH 1.7, pH adjusted with acetic acid. Red, green, and
black squares representing peaks corresponding to pepsin, N-lobe transferrin, and
pepstatin ions in the gas phase. There are no peaks representing free pepstatin ions,
since the m/z range is above the range at which the mass of pepstatin (687) occurs.
The broad distribution of peaks at the lower m/z range represents unfolded N-lobe
transferrin ions
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N-lobe Tf
Pepsin
Pepstatin

Figure 4.5.Nano ESI MS of pepsin:pepstatin and N-lobe transferrin complex in
10 mM ammonium acetate at pH 4.8, red, green, and black squares representing
peaks corresponding to pepsin, N-lobe transferrin, and pepstatin ions in the gas
phase. There are no peaks representing free pepstatin ions, since the m/z range
for this measurement is above the range at which the mass of pepstatin (687)
occurs.
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4.4. Conclusion
Studies on the nature of an enzyme: substrate complex by employing an external probe,
pepstatin (enzyme inhibitor) have allowed us to decipher on whether pepsin: N – lobe transferrin
complex is actually a true complex or a non-specific complex. Pepstatin is not only used to
evaluate the physiological relevance of the active site of pepsin as a function of pH, but also to
act as a reporter that provides information on the nature of the complex between a substrate
protein and the enzyme, pepsin. The technique used in this study has also enabled detailed
understanding of the functioning mechanism of pepsin as its travels from the gastric crypts to the
lumen of the stomach and the nature of interactions and binding it undergoes with proteins it
encounters in the mucus. Our investigation suggests that as the enzyme migrates from gastric
crypts to the lumen, it binds non –specifically to substrate proteins in the mucus of the lumen in a
slightly basic or mildly acidic pH environment. Perhaps the most important advantage of this
work is in serving as a model for how other family members of aspartate protease, such as HIV
virus protein, and plasmepsin protein in the malaria parasite, plasmodium, interacts and binds to
their cognate partners and inhibitors. Although ESI MS detection of an enzyme: substrate
complex turns out to be an electrostatically driven association, it also indicates how powerful and
sensitive technique ESI MS is, in terms of distinguishing between specific and non – specific
associations involving proteins.
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CHAPTER 5
CHARACTERIZTION OF INTRINSICALLY DISORDERED PROTEINS WITH
ELECTROSPRAY IONIZATION MASS SPECTROMETRY: CONFORMATIONAL
HETEROGENEITY OF α-SYNUCLEIN

5.1 Introduction
Until recently, a well-defined protein structure was considered an absolute requirement
for its biological function and the lack of stable conformation always had a negative connotation,
as unstructured proteins were viewed as unstable species lacking any functional activity and
prone to aggregation. The limitations of this view are now becoming apparent, following the
realization that that the intrinsic disorder (i.e., anomalous flexibility exhibited under native
conditions) not only is quite ubiquitous in nature, but is in fact vital for the function of many
proteins [55-60]. A paradigm shift in our viewing of large-scale dynamics as a defining element
of protein function places a premium on the ability to characterize non-native states (both
transiently populated and intrinsically disordered). Theoretical prediction of properties of
disordered proteins is usually based on the assumption that they lack any structure in solution,
which allows utilization of well-established theories of polymer physics in their description [61].
The major deficiency of this approach is its neglect of any residual structure, which often exists in
denatured protein states [62-66]. Furthermore, co-existence of several protein states in solution at
equilibrium makes even their detection an extremely challenging experimental task for
established biophysical techniques [67].
Electrospray mass spectrometry (ESI MS) has recently emerged as a powerful alternative
tool capable of both detection and characterization of non-native protein states under a variety of
conditions [68]. It offers several important advantages, which make it a very attractive tool to
probe structure and dynamics of biopolymers. One particularly important advantage of ESI MS is
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its ability to make a distinction between various conformations based on the extent of multiple
charging of protein ions, whose appearance is determined by the protein tertiary structure [14].
Tightly folded proteins undergo ESI to give ions carrying a relatively small number of charges, as
their compact shape in solution does not allow a significant number of protons to be
accommodated on the surface upon transition to the gas phase. On the contrary, less structured
protein conformers give rise to ions carrying a significantly larger number of charges, as many
more protons can be accommodated on the surface of a protein once it loses its compactness. If
both native and denatured states of the protein co-exist at equilibrium in solution, the protein
charge-state distributions are bimodal. Dramatic changes of protein charge-state distributions
often serve as gauges of large-scale conformational changes [14]. This feature is widely used to
study protein dynamics in processes ranging from folding [15-17] to ligand binding [18-21] to
protein assembly [22-24] and their interaction with other biopolymers [25].
In this work we apply ESI MS to probe higher order structure of α-synuclein, a neuronal
protein which is believed to play a major role in development of Parkinson’s disease [69-72],
although its normal biological function remains a subject of debate [73]. While α-synuclein lacks
a well-defined three-dimensional structure in solution, available spectroscopic evidence indicates
that it may adopt a series of different conformations depending on its environment or co-factors
[74]. In this work we use ESI MS to show that four different conformations of α-synuclein coexist in solution under equilibrium, which differ from each other very significantly by the degree
of compactness. One of these conformations (whose abundance reaches maximum under acidic
conditions) appears to be tightly folded. Correlating the abundance evolution of these conformers
as a function of pH with the earlier spectroscopic measurements allows conclusions to be made
regarding the nature of these states. In addition to the monomeric α-synuclein, two types of
dimers are observed, whose relevance for protein aggregation is discussed.
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5.2 Experimental, Materials and Methods
Human recombinant α-synuclein was expressed in E. coli and purified as described
previously [75]. Following purification, the protein was dialyzed four times against de-ionized
water at 4oC, lyophilized and stored at –80oC. Stock solutions of α-synuclein were diluted to a
level of 10 µM (unless specified otherwise) in a 10 mM ammonium acetate solution, whose pH
was adjusted to a desired level using either acetic acid or ammonium hydroxide, followed by pH
re-measurement of the final protein solutions prior to MS analysis. All chemicals were of
analytical grade or higher.
Charge state distribution analysis of α-synuclein ions was based upon ESI mass spectra
acquired with a JMS-700 MStation (Tokyo, Japan) two-sector mass spectrometer equipped with a
standard ESI source. Protein solutions were continuously infused into the ESI source at a flow
rate of 3 µL/min. ESI source settings were kept constant throughout the measurements to
minimize variability of ionic charge state distributions caused by changing instrumental
parameters. All mass spectra were acquired by scanning the magnet at a rate of 5 s/decade.
Typically, 200 scans were averaged to record each spectrum in order to ensure a high signal-tonoise ratio. The ionic intensities of various charge state distributions were arranged as a K×N
matrix, each column representing one of the N mass spectra measured under certain conditions.
Since each charge state z was represented in mass spectra by an envelop of closely spaced peaks
corresponding to n+ ions, the ionic intensities were calculated as areas of such envelopes.
Chemometric processing of ESI mass spectra was carried out using Origin 6.0 software package
(Microcal Software, Inc., Northampton, MA) as described previously [27].
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Fragmentation of α-synuclein dimer ions was carried out on a QSTAR-XL (Applied
Biosystems/MDS-Sciex, Toronto, Canada) hybrid quadrupole/time-of-flight mass spectrometer
(QqTOF MS) equipped with a TurboSpray ion source. The precursor ions were mass-selected in
the quadrupole mass analyzer (Q) and subjected to collision-induced dissociation (CAD) in the
RF-only quadrupole (q), followed by detection of all resulting fragment ions in the time-of-flight
(TOF) mass analyzer.

5.3 Results
ESI mass spectra of α-synuclein acquired at neutral pH display a convoluted charge state
distribution for monomeric protein ions ranging from +6 to +22 (Figure 5.1). High charge density
protein ion peaks are prominent in all spectra, including those acquired at near-neutral pH,
consistent with the notion of the extent of multiple charging in ESI MS reflecting the degree of
compactness of the polypeptide chain in solution [14, 76]. It is important to note, however, that
low charge density protein ions (charge states + 7 through +9) are also present in the spectra at
near-neutral pH. Relative contribution of these ions to the overall ionic signal becomes
particularly significant at low pH (e.g., top panel on Figure 5.1). While such charge state
distributions are usually referred to as bimodal, a close inspection of mass spectra strongly
suggests that in addition to the low charge density component of the ionic signal, at least two
distinct components are present in the high charge density parts of mass spectra. The first one is
an envelope of ion peaks around charge state +14, and the second group is clustered around
charge state +19. The relative abundance of ionic species representing these two groups does not
change in concert, particularly under acidic conditions. Indeed, while both groups become
significantly less populated at pH 2.5 compared to the low charge density ionic species, the
highest charge density ions (clustered around +19) are diminished to a much greater extent
(Figure 5.1, top trace).
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Presence of ethanol as a co-solvent at low levels (20% by volume) did not dramatically
change the appearance of α-synuclein ions charge state distributions in ESI MS (Figure 5.2).
However, increasing the ethanol content to 60% by volume resulted in a noticeable change in the
ionic charge state distribution: +10 and +11 ions, whose peaks previously formed a visible
minimum in the distribution, now become highly populated. This feature was absent in the mass
spectrum of α-synuclein acquired in the presence of large amounts of TFE (data not shown).
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Figure 5.1. . ESI mass spectra of α-synuclein acquired in the pH range 2.5 to 8 (protein
concentration 10 µM). Charge states of monomeric protein ions are indicated on the
graphs (normal type). Numbers in bold italics indicate charge states of non-covalently
bound protein dimer ions.
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To determine the number of independent components giving rise to the observed variance
of the charge state distributions of α-synuclein monomers, the entire set of experimental data (an
18×8 matrix) was subjected to a singular value decomposition (SVD), which yielded four
significant singular values (see Supporting Information for more detail). The results of
deconvolution of charge state distributions of α-synuclein ions by finding the optimal fit for the
entire data set with four basis functions are shown in Figures 5.2 and 5.3. Each basis function was
selected as a symmetric (Gaussian) curve, whose parameters (position of the maximum and
width, see Table 1) were maintained nearly constant through the entire set of charge state
distributions, while its relative abundance was allowed to change from one spectrum to another
without any constraints. The lowest charge density basis function represents the most compact
conformer of α-synuclein (labeled C in Figures 3 and 4). Its solvent-accessible surface area was
estimated to be 7.3×103 Å2 based on the average ionic charge using the approach developed in our
laboratory for folded proteins [77]. The highest charge-density basis function is likely to represent
mostly unstructured (labeled U in Figures 5.3 and 5.4). The charge density ratio for these two
conformers is ZU/ZC = 2.2. Two other basis functions (labeled I1 and I2 in Figures 5.2 and 5.3)
represent intermediate levels of charge density.
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Figure 5.2. The results of deconvolution of charge state distributions of α-synuclein
ions in ESI MS acquired in the pH range 2.5 to 8 (the raw data are presented in Figure
1). The four basis functions are assigned to the following putative states of the protein:
U, unstructured (red); I1, helix-rich intermediate state (purple); I2, β -sheet-rich
intermediate state (cyan): and C, highly compact (blue).
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Figure 5.3. The results of deconvolution of charge state distributions of α-synuclein
ions in ESI MS acquired at pH 9 in the absence of alcohol (top diagram) and in the
presence of ethanol (20% by volume, middle, and 60% by volume, bottom). The raw
data are presented in Figure 2. The four basis functions are assigned to the following
putative states of the protein: U, unstructured (red); I1, helix-rich intermediate state
(purple); I2, β -sheet-rich intermediate state (cyan): and C, highly compact (blue).
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A distinct feature of α-synuclein ion charge state distributions is that all four basis
functions are needed to reconstruct the total ionic signal in all but one acquired spectra. The
exception is the mass spectrum acquired at pH 2.5, where only two basis functions are needed in
order to restore the appearance of the ionic charge state distribution. Another peculiar feature
worth mentioning here is the presence of the ionic signal corresponding to the compact conformer
C in all spectra acquired in this work, although its relative contribution to the overall ionic signal
is the highest under acidic conditions. Another conformer, which appears to be populated under
all conditions tested, is an intermediate state I1. The high charge-density component of the ionic
signal (unstructured state, U) is negligible at low pH, but becomes prominent as the solution pH is
increased. It becomes suppressed at high pH when a large amount of ethanol (but not TFE) is
used as a co-solvent. Ionic contribution of I2 to the total ion current remains modest under most
conditions tested (it actually is absent at pH 2.5), but becomes prominent in the presence of large
amounts of ethanol.
In addition to the monomeric ions, the ESI mass spectra of α-synuclein also contain
contributions from non-covalently bound protein dimers. Interestingly, the extent of multiple
charging of protein dimers depends on the solution pH: the mass spectra acquired at pH 2.5
feature a narrow distribution of dimeric species clustered around charge state +11, while the
spectra acquired at pH 4 and above display a wide distribution of dimer ions at higher charge
states (+13 through +26). In order to establish the nature of the non-covalent dimers, two
representative dimer ions were mass-selected in the quadrupole mass analyzer (Q) of a hybrid
QqTOF mass spectrometer and subjected to collision-induced dissociation (CAD) in the RF-only
quadrupole (q), followed by detection of all resulting fragment ions in the time-of-flight (TOF)
mass analyzer.
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Figure 5.4A shows the mass spectrum of fragment ions generated by CAD of a +17 dimer ion
(solution pH 8). The dissociation event gives rise to pairs of monomers with a relatively narrow
and symmetric charge state distribution. There are two most abundant pairs of complementary
fragments, which together account for over 98% of the entire ionic signal, namely +8/+9 and
+7/+10. There is no evidence in the spectrum for the asymmetric charge partitioning, typical for
dissociation of non-covalent dimers and higher oligomers composed of folded monomers. Similar
results were obtained for the dissociation of several other high charge density dimer ions (data not
shown). Unlike fragmentation of high charge density dimers of α-synuclein, dissociation of
dimers carrying fewer charges clearly proceeds via the so-called asymmetric charge partitioning
mechanism [78]. Collisional activation of a +11 dimer of α-synuclein generated by ESI at pH 2.5
gives rise almost exclusively to a +7/+4 complementary pair of monomers, with a minor
contribution from +6/+5 and +8/+3 pairs (Figure 5.4B).
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Figure 5.4. Fragmentation mass spectra of α-synuclein dimer ions generated by ESI
MS at pH 8.0 (A) and 2.5 (B). Precursor ions are labeled in bold italics; charge states
of fragment ions (monomers) are labeled in normal type
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5.4 Discussion
The emergence of the notion of intrinsic disorder several years ago changed the discourse
in structural biology by challenging one of its central paradigms, which linked functional
competence to a well-defined structure. The lack of such structure had a negative connotation, as
non-native proteins were traditionally viewed as unstable species lacking any functional activity
and prone to aggregation. It now becomes clear that this view needs to be modified, as a growing
number of proteins are found to be either partially or fully unstructured under native conditions,
both in vitro and in vivo [79]. Although the intrinsic disorder is quite ubiquitous in nature and is
vital for the function of many proteins, it is important to realize that a delicate balance between
order and chaos must be maintained in order to ensure the proper functioning and indeed the very
survival of a cell. Protein misfolding is implicated in a variety of pathological conditions, most
notably those related to amyloidosis, such as Alzheimer’s disease [80-82].

α-Synuclein is a neuronal protein, whose notorious lack of well-defined higher order
structure made it a paradigmatic member of the growing family of intrinsically unstructured
proteins [74]. Although the physiological function of α-synuclein remains a subject of an ongoing inquiry, it has been identified as a major component of Lewy bodies, a neuropathological
hallmark of Parkinson’s disease [69, 83]. α-Synuclein is also a component of proteinaceous
inclusions typical of several other neurodegenerative diseases collectively known as
synucleinopathies [69, 70, 84]. While being commonly referred to as “unstructured,” α-synuclein
has physical dimensions below those expected for a completely unstructured random coil [74]
and demonstrates contact rates among distant residues that indicate much shorter separation than
is expected for a random polymer chain [85]. Spectroscopic measurements reveal the ability of αsynuclein to display a range of different conformational signatures in vitro depending on its
environment, post-translational modifications and presence of binding partners [74]. Of particular
interest is the ability of α-synuclein to display dramatic changes of secondary structure and its
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propensity to form aggregates as a result of changing solution pH and/or organic co-solvent
content. So far, detailed structural characterization of α-synuclein has been possible only in the
presence of stabilizing micelles [86], although the helical structures adopted by the protein under
such conditions were proposed to exist even in the absence of micelle or membrane binding [87].
Earlier circular dichroism (CD) measurements indicated that in acidic solutions αsynuclein adopts a partially folded conformation with significant helical content [74]. Protein ion
charge state distributions in ESI mass spectra acquired at pH 2.5 (Figures 5.1 and 5.3) suggest
that α-synuclein populates mostly two states under these conditions, one of which is compact.
While this compact state (labeled C in Figure 5.3) appears to be highly structured (vide infra), the
second, less compact state (labeled I1 in Figure 5.3) is also likely to retain some structure, as it is
very distinct from the unstructured state of the protein. The latter (labeled U in Figure 5.3)
becomes populated at mildly acidic pH, and its ionic signal is more prominent in basic solutions.
Another distinct state, which is notably absent under the acidic conditions and becomes
prominent in the presence of ethanol as co-solvent (labeled I2 in Figure 5.3), is even more
compact than I1, as judged by the charge density of corresponding ions in ESI MS.
Given the conclusions of the previous studies of α-synuclein behavior in solution [74], it
is not very surprising that two distinct semi-compact, intermediate state exists in solution over a
range of conditions. What is surprising, however, is the fact that protein ion charge state
distributions in all of the collected spectra contain a contribution from a very compact state C. Its
ionic contribution to the total ion signal is very distinct and its detection does not even require
chemometric processing of the data. Usually this is a unique feature of natively folded [14, 26,
27] or highly structured non-native [88] protein conformations. α-Synuclein is believed to lack
such a state, although a recent work suggests that it may have an intrinsic propensity for adopting
at least two helical structures, one of which is mostly folded [86, 87]. In order to provide
quantitative evidence that the detected compact state C does indeed represent a highly structured
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conformer of α-synuclein, we analyzed the difference in the extent of multiple charging between
a natively folded conformation and a random coil state for several well-characterized proteins.
The graph in Figure 6 shows the ratios of average charges of ions representing native conformers
(ZN) and fully unstructured polypeptide chains (ZU) for a set of proteins whose conformational
dynamics was analyzed previously in our laboratory. This set includes chymotrypsin inhibitor II,
ubiquitin [27], cellular retinoic acid binding protein I, myoglobin [26] and pepsin [30].
According to a current view of ESI process, the extent of multiple charging of natively
folded proteins ZN is determined by their solvent-accessible surface area [77, 89], while the
number of charges accumulated by a random coil ZU depends on the chain length [76]. As a first
order approximation, surface of a folded protein and the chain length can be linked to each other
by assuming that a folded protein is a sphere of radius R and uniform density ρο, which has the
same mass as a chain L with a uniform linear density ργ:

4 3
πR ⋅ ρο = Lργ .
3

(1)

In this case the ratio of the chain length to the surface of the sphere will be
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⋅ L1 / 3 ,

(2)

and, therefore, the ZU/ZN ratio should depend upon the polypeptide chain length as

ZU
= A ⋅ L1/ 3 .
ZN

(3)

Since in our approximation linear density is uniform, ZU/ZN can be expressed in terms of the
protein molecular weight, rather than the chain length L:
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ZU
= B ⋅ 3 MW ,
ZN

(4)

and the ratio of ZU/ZN to (MW)1/3 is expected to be constant.
The ZU/ZN to (MW)1/3 ratio for the five model “foldable” proteins is indeed nearly
constant (see Figure 5.6), suggesting that the approximations made to derive expressions (3) and
(4) are reasonable. Importantly, the ZU/ZC ratio for α-synuclein fits this curve, suggesting that the
two states populated in acidic solution do indeed represent a random coil (U) and a highly
structured conformation (C). Although the actual higher order structure of the C state is yet to be
determined, the appearance of a far-UV CD spectrum of α-synuclein in acidic solutions reveals a
significant α-helical content. It is reasonable to assume that both equilibrium states co-existing in
solution at low pH (C and I1) have significant α-helical secondary structure, but the tertiary
contacts are present only in C, while the greatly diminished compactness of I1 likely suggests that
it lacks a stable tertiary structure and may in fact resemble a micelle-bound helical form of αsynuclein [86].
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Figure 5.5. Ratio of average charges accommodated by random coils (ZU) and natively
folded proteins (ZN) as a function of protein mass (red circles) and values of ZU/ ZN
normalized to 3√MW (open circles). The shaded data point corresponds to α-synuclein.

Identification of another intermediate state of α-synuclein, I2, is aided by the fact that its
contribution to the total ion signal remains very modest unless high concentration ethanol is used
as a co-solvent, the conditions leading to an apparent increase of the β -sheet content as suggested
by the results of both CD [74] and Raman spectroscopic measurements [90]. It is, therefore,
reasonable to assume that the I2 intermediate contains segments folded as β -strands. Furthermore,
a relatively modest extent of multiple charging displayed by this intermediate state indicates that
it is more compact compared to I1, consistent with the notion of the tertiary structure of I2 defined
by inter-strand contacts and a lack of tertiary contacts in the I1. On the other hand, a slightly
higher extent of multiple charging of I2 compared to C is likely to indicate that some protein
segments fail to adopt a well-defined structure. A recent study of α-synuclein amyloids by H/D
exchange revealed significant protection within the continuous middle segment of the protein
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spanning residues 39-101, some protection in the N-terminal segment and no protection in the Cterminal segment [91]. It is possible that the increased propensity of the middle segment of αsynuclein to adopt β -stranded conformation may result in formation of β -structure within protein
monomers as well when assisted by such secondary structure inducer as ethanol. At the same
time, diminished β -propensity in the C-terminal segment and, at least to some extent, in the Nterminal segment prevents folding of the entire chain, making I2 a partially unstructured state.
A very interesting question that arises in connection with considering various
conformations of α-synuclein detected by ESI MS is their relevance for the fibrillation process.
Although the measurement time scale and protein concentrations used in our work were unlikely
to cause fibril formation, ESI MS reveals the presence of α-synuclein dimers across the entire
range of solution conditions tested in this work. Intriguingly, at least two different types of dimers
are observed, which can be distinguished based on the extent of multiple charging of
corresponding ions in ESI mass spectra. Only low charge density dimer ions are observed under
acidic conditions, while increasing the solution pH to 4 and above favors formation of high
charge density dimer ions. The dissociation behavior of homodimers depends on their solutionphase structure [92], and the asymmetric charge partitioning accompanying dissociation of low
charge density dimer ions (Figure 5) provides a clear indication that they are composed of highly
structured monomers. On the other hand, asymmetric charge partitioning is not observed for
dissociation of dimer ions at higher charge states, clearly suggesting that both monomeric
constituents of such dimers are mostly unstructured.
Intriguingly, the conditions that favor formation of structured helical monomers and
dimers of α-synuclein also result in fastest protein fibrillation [74]. While this may seem
contradictory to the fact that amyloid fibrils have cross-β -structure [93], recent studies of αsynuclein oligomerization by atomic force microscopy and Raman spectroscopy revealed the
globular character of early stage oligomers [94]. These spheroidal oligomers had significant
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helical content (nearly 50%), which decreases to about 37% in protofilaments. Furthermore, a
recent thermodynamic analysis of α-synuclein conformational dynamics also provided evidence
that a highly structured helical state populated at low pH is a pre-requisite for protein aggregation
[87]. Therefore, it is not unreasonable to assume that the compact dimeric species observed in
acidic solutions are early precursors to the globular oligomers. Although larger oligomers whose
presence in solution can be detected by methods of atomic spectroscopy [94] or light scattering
[95] presently remain out of reach of mass spectrometry, rapid progress in characterization of
large macromolecular complexes by ESI MS [89, 96, 97] is likely to make such measurements
possible in a not-so-distant future.
In conclusion, we demonstrated that α-synuclein populates four distinct conformational states,
ranging from a highly structured one to a random coil, the former being present across the entire
range of conditions tested (pH ranging from 2.5 to 10, alcohol content from 0 to 60%), but being
particularly abundant in acidic solutions. The two intermediates are identified as less compact
helical and more compact β- rich states, the latter being induced by significant amounts of ethanol
used as a co-solvent. Acidic conditions also favor formation of highly structured dimers of αsynuclein, which appear to represent the earliest stages in protein aggregation leading to globular
oligomers and, subsequently, protofibrils. This work also demonstrates the enormous potential of
ESI MS for characterization of conformational dynamics of intrinsically unstructured proteins.
.
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CHAPTER 6
USING ELECTROSPRAY IONIZATION MASS SPECTROMETRY (ESI MS) TO
MONITOR CONFORMATIONAL CHANGES IN PROTEIN AND POLYMER OF
PEGYLATED PROTEINS

6.1 Introduction
Proteins and peptides are becoming potent and specific therapeutic agents, thanks to the
development of pharmaceutical biotechnologies, biotech-derived drugs represent today an
important share of the research and development budget of biopharmaceutical companies [98,
99]. These biopharmaceutical drugs are useful as replacement therapy or as inhibitors or
regulators to the immune system for the treatment of important diseases such as hepatitis C,
rheumatoid arthritis, and cancer.
However, these products still have many limitations, such as low stability in vivo, short
half-life and immunogenicity. Improvement in drug delivery processes aimed at extending the
half-life of these fragile products in order to prevent their rapid clearance observed after
administration of the drug started years ago. One of the earliest drug delivery processes is by
covalent modification of biopharmaceutical drugs with polymers [100]. New polymers, in
addition to the most known N-(2-hydroxypropyl) methacrylamide copolymer (HPMA),
polyglutamic acid (PGA) are continuously been investigated and proposed but poly (ethylene
glycol) PEG is by far the most acceptable and is approved by FDA for drug delivery processes
[100]. Successful PEGylated protein biopharmaceuticals include PEGylated-interferons, for use
in the treatment of hepatitis C (PEGasys® from Hoffman-LaRoche and PEG Intron® from
Schering-Plough/Enzon), PEGylated growth hormone receptor antagonist (PEG Somavert® from
Pfizer), PEG asparaginase (Oncospar® from Enzon), adenosine deaminase (ADAGEN® from
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Enzon), and granulocyte colony stimulating factor (Neulasta® from Amgen). Many other
PEGylated proteins are currently under development.
PEGylation is the process of covalently attaching PEG chains to biopharmaceutical drugs
[101]. PEGylation prolongs the plasma half-life of therapeutically active agents by increasing
their hydrodynamic volume and hence decreasing their excretion rate. Furthermore, polymer
chains can prevent interactions with antibodies and proteolytic enzymes on conjugation to
biopharmaceutical drugs. In general, the conjugation of hydrophilic polymer changes the
physicochemical properties of the free protein or peptide both in vitro and in vivo [102, 103].
Some advantages are increased water solubility and enhanced bioavailability of
biopharmaceutical drugs.
Although PEGylation improves the pharmacokinetic properties of biopharmaceutical
drugs, there are several problems associated with this drug delivery process. Problems due to
polydispersivity and biodegradability of the drug – polymer conjugates can affect the safety of
PEGylated biopharmaceutics, and it is essential to know the exact form in which the conjugated
drug acts, whether drug release is essential or the conjugated product is itself active. In addition,
sometimes due to several available reactive sites of the biopharmaceutical drugs, PEGylation
results in several oligomers or reaction product isomers and this causes several complications in
isolating the most potent PEGylation reaction product from several reaction products. One
important analytical and biological problem that indirectly affects the activity of the PEGylated
drug is the change in conformation of the protein or the polymer upon conjugation.
Although there are several activity assays to test the activity of the biopharmaceutical
drugs upon PEGylation, up to date there are no well-developed analytical tools, that can relate
changes in conformation of the PEGylation reaction products to their respective activities.
Electrospray ionization mass spectrometry is arguably one of the most powerful analytical
technique for monitoring protein conformational changes, both large scale and small scale [42,
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104, 105]. One experimental concept that employs ESI MS is charge state distributions. Charge
state distributions in ESI MS provide a means to monitor conformational in proteins and may be
applicable too for accessing synthetic polymer conformation as well. The goal of this work is to
explore the possibility of using ESI MS charge state distributions as an analytical tool to predict
changes in conformation of both proteins and PEG chains in PEGylated proteins.
To access the conformational changes in PEGylated proteins by charge state distributions in ESI
MS, a hypothesis is tested. This hypothesis predicts conformational changes of PEGylated
proteins based on an observed variation in the average charge states. It is also important to note
that due to the polydispersivity of PEG, it may be necessary to reduce the number of peaks arising
from ionic species representing PEGylated proteins by ion - ion molecule reactions in order to
simplify and streamline the data analysis process.

6.2. Experimental, Materials and Methods
5 KDa methoxy poly (ethylene glycol) propionaldehyde was purchased from Dow
Chemical Company, all other chemicals used were of analytical grade or higher. Nano tips used
in this study were purchased from Proxeon. A stock solution of 100 µM PEGylated ubiquitin was
prepared and diluted to a final concentration of 5 µM in 20 mM ammonium acetate solution,
whose pH was adjusted to a desired level with NH4OH or CH3CO2H.

6.2.1 Mass Spectrometry
All mass spectra were acquired using Bruker Daltonics Reflex III MALDI MS and
nanospray on SCIEX/ABI Q – Star XL TOF mass spectrometer. An aliquot of 4 µL was
introduced into a Proxeon nanotip and mounted at the orifice of the Q-Star mass spectrometer.
The typical acquisition time for mass spectrometry measurements was 15 minutes. All other
parameter settings were kept constant throughout the measurements to minimize variations of
charge-state distributions caused by changing conditions in the nano ESI interface region.

78

6.2.2 PEGylation reaction between ubiquitin and 5KDa methoxy poly (ethylene glycol)
propionaldehyde
Phosphate buffer solutions were prepared by dissolving appropriate amounts of sodium
phosphate monobasic, sodium phosphate dibasic hexahydride, in deionized water obtained from a
Nanopure Diamond water purification system (Barnstead Thermolyne Corporation, Dubuque, IA)
with a resistivity of 18.0 MΩ. The pH was measured and adjusted to pH 5.0. PEGylation was
performed by an alkylation reaction [106, 107] involving free amines of either the N-terminus or
lysine residues of protein of interest, (ubiquitin) and methoxy PEG activated with an aldehyde
(mPEG-PA). 4 mg of mPEG-PA and 2.5 mg of ubiquitin were dissolved in 10mM phosphate
buffer pH 5.0, with a 10 µL of 20 mM NaCNBH3 reducing agent, to a final volume of 300 µL in
a micro centrifuge tube. The reaction mixture was stirred and incubated at room temperature (23–
28 ºC) for a minimum of 15 hours to allow the reaction to go essentially to completion. The
resulting solutions were concentrated from 300 µL to final volume of 100 µL using a 10 MWC
amicon. The final solutions were pre-filtered through a 0.2mm Acrodisc syringe filter (Pall
Corporation, Ann Arbor, MI) to remove any particulate matter and subjected to MALDI MS
analysis and ion exchange chromatography separation of the different oligomers and isomeric
reaction products.

6.2.3 Ion – exchange separation of PEGylated reaction products and site identification by
reverse phase HPLC measurements
Cation exchange of PEGylated ubiquitin reaction products were carried out using Agilent
1100 series HPLC equipped with PolyCAT ATM column. The column was equilibrated with 20
mM ammonium acetate pH 4.5, followed by an injection of a 40 µL filtered PEGylated ubiquitin
samples through a sample loop of 20 µL. Di-PEGylated and mono-PEGylated ubiquitin samples
with several isomers were separated and collected into micro centrifuge tubes. Site identification
of one of one of the mono PEGylated isomers was carried out by peptide mapping using reverse
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HPLC (Agilent 1100 series) equipped with a C18 column from Agilent. A positive control was
obtained by using an unmodified ubiquitin. 40 µL of mono – PEGylated ubiquitin (fraction # P5
from figure 6.3) was loaded into a 20 µL injection loop. LC MS measurement was carried out
using Agilent 1100 series - QStar LC MS system, after digestion of the PEGylated ubiquitin with
trypsin enzyme in 1: 10 molar ratio of enzyme to sample in ammonium bicarbonate buffer pH 8.0
at 37 ºC for 18 hours. The elution was carried out with a 30-min, 75% gradient from 0.1%
trifluoroacetic acid in water to 0.1% trifluoroacetic acid in 95% acetonitrile at a flow rate of x
ml/min. The column effluent was monitored at absorbance of 214 nm. The elution profile of
control ubiquitin sample was overlaid with the elution profile of mono – PEGylated ubiquitin in
order to determine the site of PEGylation by identifying missing peptide peak that corresponds to
a blocked lysine residue that survived digestion due to attachment of PEG chain.

6.3 Results
6.3.1 Results of PEGylation reaction
Figure 6.1 shows PEGylation reaction scheme between ubiquitin (8.5kDa) and methoxy
poly (ethylene glycol) propionaldehyde (5kDa) by an alkylation reaction. The initial product of
the reaction is an unstable Schiff base, and it is reduced to a stable product with the aid of a
reducing agent, NaCNBH3 [106] forming a PEGylated ubiquitin with molecular formula
C605H1083O232N105S1. In order for the conjugation of the polymer and the protein to occur,
activated PEG, with an aldehyde activated site, has to reacts with free primary amine groups on
the protein’s surface, and these primary amine groups are provided either by the N – terminus or
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Figure 6.1. Illustrates the PEGylation reaction between methoxy poly (ethylene glycol)
propionaldehyde and ubiquitin. The two respective active sites on the synthetic
polymer and the protein are the aldehyde and primary amine groups. The final reaction
product is formed by converting the initial unstable Schiff base using a reducing agent
NaCNBH3 to a stable Schiff base.

81

lysine residues. Thus the number of PEGylation sites is determined by the number of available
lysine residues together with the N – terminus. Ubiquitin has 8 available PEGylation sites,
contributed by 7 lysine residues and the N – terminus.
Our initial experimental analysis of the PEGylation reaction by MALDI MS showed that
we have both mono and di – PEGylated ubiquitin products along side with both unreacted
ubiquitin and PEG species. Figure 6.2 illustrates the MALDI MS spectrum of the PEGylated
reaction-involving ubiquitin, in the spectrum are both +1 charge states for both mono and di –
PEGylated reaction products.
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Figure 6.2. Illustrates the MALDI MS of PEGylated ubiquitin with +1 charge state peaks
representing ionic species of mono and di – PEGylated ubiquitin products along side free
unreacted ubiquitin and PEG species.
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6.3.2 Ion exchange chromatography purification of PEGylated ubiquitin
The ion – exchange chromatographic pattern of both mono and di – PEGylated ubiquitin
on a PolyCAT column is shown in Figure 6.3. The chromatographic profile of PEGylated
ubiquitin shows 5 major mono - PEGylated isomers from P1 to P5 and 3 minor di - PEGylated
ubiquitin isomers (P6 to P8) together with free unreacted ubiquitin, eluting slightly after the major
components. It is intriguing but not surprising that we observed 5 mono – PEGylated ubiquitin
isomers, since ubiquitin has 8 possible sites for PEGylation. The major and minor components
from the chromatographic separation was pooled and concentrated for ESI MS analysis.

6.3.2 ESI MS charge state distributions analysis of PEGylated ubiquitin

Figure 6.3. Ion exchange chromatography separation of products of ubiquitin PEGylation. The
green and brown traces represents two separate chromatograms as a results of two different
concentrations of injected samples. Labels P1 to P5 represent separated isomers of mono –
PEGylated ubiquitin.
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Analysis in ESI MS charge state distribution of macromolecular ions is a powerful
analytical tool. Figure 6.4 illustrates the ESI MS spectra of both mono and di – PEGylated
ubiquitin acquired in near native solvent environment. Based on the mass measurements in ESI
MS, mono – PEGylated ubiquitin and di – PEGylated ubiquitin separated and pooled from the ion
exchange chromatography are distinguished from each other. In ESI MS the distribution of
charges or the charge envelop of analytes ion reflect the solvent accessible surface area (SASA)
and comparison of the two spectra in Figure 6.4 suggest that di – PEGylated ubiquitin (6.4B) has
a higher solvent accessible surface area (SASA) than mono – PEGylated ubiquitin (6.4 A) based
on the average charge states of the charge envelopes of the two analytes. This observation is
expected since di – PEGylated ubiquitin has a greater surface area for accommodating extra
charges as compared to mono – PEGylated ubiquitin due to availability of an extra PEG chain.
Thus, ESI MS allows the individual PEG oligomers to be resolved depending on the size or the
number of polymer chains.

85

A

B

Figure 6.4. illustrate ESI MS spectra of mono (P5) and di – PEGylated ubiquitin(P8)
labeled A and B respectively, are acquired in 20 mM of ammonium acetate at near
native pH.
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6.4 Discussion
Although PEGylation of therapeutic proteins offers several advantages, there are several
problems associated with the process that are a cause of concern. Therapeutic protiens should
ideally be homogeneous products with well-defined activities, and acceptable side effects. For
example, variations in the position and number of PEG adducts give rise to variations in
characteristics relevant to clinical and other application related to effects, including enzymatic,
circulation half-life, immunogenicity and clearance of the PEGylated drug protein. However, one
problem that is of importance is conformational changes in the protein and to a lesser extends in
the PEG chain upon conjugation. Monitoring such conformational changes requires analytical
techniques that can characterize the conformation of both parts in their initial and final states. The
goal of this work is to explore the suitability of ESI MS charge state distributions to monitor PEG
and protein conformation upon PEGylation using ubiquitin as a model protein and based on the
hypothesis that, if there is a conformational change in either protein or PEG upon conjugation, it
should be reflective in their solvent accessible surface area (SASA) which can be detected from
the average state. Such changes in SASA can be detected directly by monitoring the
corresponding charge state distributions of PEGylated protein ions in the gas phase. Interms of
deciding which degree of PEGylated samples to use for these studies, mono – PEGylated
ubiquitin was chosen over di – PEGylated ubiquitin based on convenience and simplicity in data
analysis. The site of PEGylation in the mono –PEGylated ubiquitin was also located as lysine
residue at position 6 (K6) based on peptide mapping experimental evidence as illustrated by
Figure 6.5.
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Figure 6.5. localization of the site of PEGylation by peptide mapping. A. shows the crystal
structure of the 3D representation of PEGylated ubiquitin showing the exact location of
lysine number 6 with bright colors as the site of PEGylation. B. shows peptide mapping of
PEGylated ubiquitin and free unbound ubiquitin (control) as red and black traces
respectively, the red trace depicts the disappearance of peptide labeled T1 as compared to
the black trace, that correspond to lysine position 6 (K6). This suggests that mono –
PEGylated ubiquitin is PEGylated at lysine position 6. C. shows the 76 amino acid sequence
of ubiquitin, illustrating all possible peptides and their masses that can be generated by
trypsin proteolysis.
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In order to unequivocally investigate conformational changes in PEGylated proteins, the
PEGylated - ubiquitin was placed in two different solvent environments, near native and
denaturing solvent conditions, using 20mM ammonium acetate pH 7 and 50/50 methanol / water
with 3% acetic acid respectively. The ESI MS charge state distributions of the PEGylated
ubiquitin as well as that of spiked free unbound ubiquitin were monitored for changes in their
solvent accessible surface area (SASA). The spiked unreacted ubiquitin sample serves as internal
standard, which establishes the relation between the protein ion charge density and protein
conformation in solution as both PEGylated protein and free protein are exposed to the same
solvent. Figure 6.6. Illustrates the ESI MS of PEGylated ubiquitin in 20 mM ammonium acetate
and methanol/ water/ acetic acid respectively.
The ESI MS of PEGylated ubiquitin in 20 mM ammonium acetate suggests that the
charge density of mono – PEGylated ubiquitin ions is higher, reflecting the presence of
unstructured PEG chain and a compact protein core. However, the apparently charge density of
the mono – PEGylated ubiquitin ions is very close to that of the unfolded unmodified protein,
suggesting that both PEG and the polypeptide, though covalently conjugated to each other, are
unstructured. These measurements clearly suggest that the protein remains in the folded
conformation upon PEGylation and only unfolds when it solvent environment is changed to favor
such large-scale conformational changes. Although our model protein for PEGylation, ubiquitin
did not have any therapeutic activity that we could check and correlate to it conformational
change detected, ESI MS holds a great promise as a probe of conformational transitions within
PEGylated proteins.

89

A

B

Figure 6.6. ESI MS mass spectra of PEGylated ubiquitin spiked with unmodified ubiquitin. A.
spectrum acquired in 20 mM ammonium acetate pH 7.0 with higher charge density for PEG –
Ub ions reflecting unstructured PEG chain and compact protein core. B. spectrum acquired in
CH3OH/H2O/acid, charge density of PEG –Ub ions is close to that of unmodified protein,
suggesting that both PEG and polypeptide are both unstructured.
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6.5 Future Direction
The future direction of this dissertation is an extension of work carried out in chapter 6,
developing and streamlining analytical techniques to characterize conformational changes in both
protein and polymer of PEGylated proteins. Although the proposed technique still has ESI MS
charge state distribution at its core, unlike what was described in chapter 6, no external reporter
(unmodified ubiquitin) will be applied in the methodology of future studies. Rather the
methodology would be based on the components and nature of charged ionic carrier representing
the PEGylated protein molecules in the gas phase. For example, detailed analysis of the ESI MS
mass spectrum of mono – PEGylated ubiquitin revealed that the component charge carriers in
PEGylated protein molecules in the gas phase is likely to be composed of both H+ and NH4+
groups together with other cations as illustrated by Figure 7.1. Although we have not fully
deciphered the exact nature of charges, it is clear that the +13 charged ions are made up of +12
charge species plus either NH4+ or H+ ions respectively, using a previously isolated +12 charged
state species as a base peak. It is intriguing, but not surprising that we found both protons and
other cations as charged carriers for PEGylated protein molecules in the gas phase. This
observation confirms what M.T. Bowers previously found in the early 90s, suggesting that charge
carriers for proteins and PEG chains in the gas phase are protons and cations respectively by
using a combination of ion mobility experiments and Monte Carlo simulations [108].
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Figure 7.1. Determining the charge careers in PEGylated ubiquitin in ESI MS. The insert
represent the +12 base peak for calculating the +13 charge states ions. Although the exact
nature of charging is not fully deciphered, the blue and red circles represent ionic charges
made up of +12 charged species plus NH4+ and H+ charge careers respectively using a
previously isolated +12 charged state species as a base peak.

Perhaps one problem that makes data analysis of PEGylated proteins challenging is the
polydispersivity of PEG chains that results in ESI MS charge state distributions with a multitude
of complicated overlapping ionic signals, representing PEGylated protein. In order to reduce the
burden of analyzing complicated data without the application of algorithms, we propose to apply
ion molecule reactions in two separate steps before analyzing the charge state distributions for
conformational changes in PEGylated proteins. The two ion molecule reaction steps that will be
employed are shown below:
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Step 1: strip off all large cations charge careers responsible for producing multiple charging of the
polymer, PEG in PEGylated proteins using perfluoro (methyl decalin) (by technique already
described somewhere) [36] before analysis of the resulting charge state distributions for
conformational changes in proteins.
Q ( RST#RS ( RUVW XY E Z Q ( RS T ( RUX# ( RU [VW XYERU
Where, B = aH + bNH4, fluoro transfer process, and CxFy is obtained from perfluoro -1,3 –
dimethylcyclohexane (PDCH).
Step 2: strip off all protons charge careers responsible for charging of the protein molecules in the
PEGylated proteins, in order to allow analysis of the resulting charge state distributions for
conformational change analysis in the polymer, PEG.
Q ( RST#RS ( RUVW XW E Z Q ( RS T  RU[# ( RU [VW XY
Where, B = aH + b NH4, proton transfer process, and CxFy is obtained from perfluoro (methyl
decalin), PMD. In summary, the future direction is to extend the utility of ESI MS charge state
distributions in combination with ion molecule reactions to detect conformational changes in
proteins and in PEG chains to a lesser extend. A hypothesis based on M. T. Bowers [108]
findings that the charge careers for polypeptides are protons and the charge careers for polymer
chains are larger cations, such as NH4+ or Na. Aside reducing the complicated PEGylated protein
spectrum by ion molecule reactions, this hypothesis will be tested using ion molecule reactions as
well. In order to investigate the dimensions of the PEG portion in PEGylated proteins step 2 of
ion molecule reaction illustrated above will be carried out. Conversely, investigating the
conformational changes in the protein components of PEGylated proteins, step 1 of ion molecule
reaction illustrated above, will be carried out.
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APPENDIX
ACRONYMS
ESI MS Electrospray ionization mass spectrometry
MALDI Matrix assisted laser desorption ionization
SASA

Solvent accessible surface area

mPEG – PA Methoxy poly (ethylene glycol) propionaldehyde
HPMA N- (2-hydroxypropyl) methacrylamide
CAD

Collisional-induced dissociation

TFE

Trifluoroethanol

TOF

Time of flight

PN

Native active pepsin species

PI

Intermediate inactive pepsin species

ASP

Aspartic acid

UV- CD Ultraviolet circular dichroism
hTf/2N

human transferrin N-lobe
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